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Abstract 
Chapter One reviews the literature, discussmg aspects of transition metal mediated 
asymmetnc catalysis m the presence of enantwmencally pure hgands. 
Chapter Two discusses the asymmetric addition of dialkylzinc reagents to aromatic 
aldehydes. The work presented IS particularly concerned w1th the design and 
construction of enantiomencally pure oxazolme ligands tethered to alcohols These 
hgands have proved effective in the acceleratiOn of the alkylation reaction and are able 
to mfluence good levels of asymmetric inductiOn in the resultant secondary alcohol 
products 
Chapter Three exammes the electromc (and stenc) effects of enantwmerically pure 
oxazoline hgands for the palladium catalysed allyhc substitution reaction. Using 
ligands possessmg two electromcally different donor atoms, It is possible to create 
electronic distortiOn upon the mtermed1ate allyl complex. In doing so it is possible to 
direct nucleoph1hc addition to one carbon centre preferentially to the other, resulting in 
asymmetric mductwn. ManipulatiOn of these hgands enables control m the extent of 
electron d1stortwn mf11cted upon the allyl complex and consequently influences the 
levels of enantwselect1v1ty observed. 
Chapter Four investigates the ability of hydrolytic enzymes to kmetlcally resolve a 
series of allylic acetates, under varymg cond!twns. Lipases appeared superior to 
esterases for the substrates employed. In particular cis-3-acetoxy-5-
carbomethoxycyclohexene was smoothly resolved m high yield and enantwselectlvity. 
Chapter Five reports on the potentiality of a dynamic resolution of allyhc acetates, using 
hydrolytic enzymes in the presence of a palladmm catalyst. A proposed mechanism is 
discussed. lmt1al results are promising, however, the sensitivity of the reactwn is 
realised and optlm!satwn of conditions still needs to be addressed 
I 
Acknowledgements 
I must admit to being apprehensive at the onset of my PhD (primanly due to the drastic 
wage drop'), however, I can now confess that I have had a thoroughly enjoyable three 
years at Loughborough University and I would hke to take this opporumty to thank 
those people who have helped make It so enJoyable. 
I am indebted to Jon W1lhams for h1s friendship, enthusiasm and encouragement, and 
for teaching me all those four letter words that I d1dn 't know existed! 
I would like to thank the support staff at Loughborough, Ahstarr Daley and particularly 
Paul 'Blue Army' Hartopp for their technical skills, John Kershaw for his GC and NMR 
spectroscopy expertise, Alex Slawm for X-ray crystallography and John Greenfield for 
mass spectroscopy. 
I would like to apologise to Prof. Marples for perpetual raucous banter that filtered 
through the lab waJls and into his office. But, I can only say in my defence that It was 
due to the excellent group of people that I had the pleasure of workmg with So thanks 
to the 'Happy Werkers' who I worked with m F1.013, Liz 'Fat Betty' Swann, Chns' 
Slacker' Frost, Kev 'Fat Boy' Doyle, Dave 'B1g D' R1ddick, Lucy 'I'm stuck m Kent' 
Hind, Chns 'Who?' Martm and S1mon 'B1g Lad' Sesay. After the last three years with 
them, I shall never be able to look at a pair of Mangolds agam without havmg that 
temptation .... ! 
I would also like to thank other members of Organic Research for their friendship and 
the laughs along the way, especially Cla1re Norton, Natalie 'Stan' Bell and He1d1 
Thorpe. I am also grateful to Liz and Leigh for taking time out to thoroughly proof read 
this manuscnpt. 
I am mdebted to my parents, Brenda and Berme, for the1r love, encouragement and 
patience, for this I am eternally grateful. Without them, none of th1s would have been 
possible. 
Last, but by no means least, I would hke to thank my fiance, Le1gh, not only for his 
patience, espec1ally over the last few months but for his unfmlmg love and support. To 
you, I g1ve my sincerest thanks. 
Contents 
Abbreviations 
Chapter One : Current Approaches to Transition Metal Mediated 
Asymmetric Catalysis 
1.1 Introduction 
1 2 Monodentate Ligands 
1.3 Homobidentate Ligands 
1.3.1 Bidentate Phosphorus Ligands 
1.3.2 Bidentate Nitrogen Ligands 
14 Heterobidentate Ligands 
1.4.1 Phosphorus-Nitrogen Ligands 
1.4.2 Nitrogen-Sulfur Ligands 
1.4 3 Nitrogen-Oxygen Ligands 
1.5 Lewis Acid based Catalysts 
1.6 Cmchona and Bis(cinchona) denved Catalysts 
1.7 (Salen) Manganese (Ill) denved Catalysts 
1 8 Titanocene based Ligands 
1.9 Tndentate and Tetradentate Ligands 
1.10 ConclusiOns 
Page 
VlJI 
2 
2 
3 
3 
7 
13 
13 
14 
15 
16 
18 
19 
20 
20 
22 
Chapter Two : Asymmetric Addition of Diethylzinc to Aromatic Aldehydes 
using Enantiomerically Pure Hydroxymethyl Oxazoline 
Ligands 
2.1 IntroductiOn 24 
iv 
------------------------------------------- --
2.1 I Mechanistic Aspects of the Catalysed Enantwselecttve 
Alkylation Reaction 24 
2.1.2 Non-Lmear Effects 26 
2.1.3 Chiral Catalysts for the Enantioselective AdditiOn of 
Dialkylzinc Reagents to Aldehydes 28 
2.2 Ligand Design 31 
2.3 PreparatiOn of Enantwmerically Pure Oxazohne Ligands 
Tethered to Alcohols 32 
24 Results for the Asymmetnc AdditiOn of Dialkylzinc 
Reagents to Aromatic Aldehydes 37 
2.5 ConclusiOns 45 
Chapter Three : Enantioselective Palladium Catalysed Ally lie Substitution 
Reactions using Enantiomerically Pure Sulfur Containing 
Oxazoline Ligands 
3.1 Introduction 47 
3.1.1 Range of Substrates and Nucleophiles 48 
3.1.2 Mechanistic Aspects of StereochelTilstry 48 
3.1.3 Enantwmerically Pure Ligands for Palladium Catalysed 
Allyhc SubstitutiOn ReactiOns 49 
32 Ligand Design 53 
3.3 PreparatiOn of Sulfur contammg Enantiomerically Pure 
Oxazoline Ligands 56 
3.4 Results for the Palladium Catalysed Allyhc SubstitutiOn 
Reaction usmg Enantiomencally Pure Sulfur containmg 
Oxazolme Ligands 64 
3.5 Asymmetnc Induction of Allylic Substrates 72 
V 
Chapter Four: The Kinetic Resolution of Racemic Allylic Acetates using 
Hydrolytic Enzymes : The First Step of a Dynamic 
Resolution Process 
4.1 IntroductiOn 
4.1.1 Enzymes as Chtral Catalysts 
4.1.2 Kmetic Resolution 
4.1.3 Temperature and pH Dependence 
4.1.4 The Induced-Fit Theory and Enzyme Specificity 
4.1.5 Resolution of Racemic Mixtures vza Enzyme Catalysis m 
Aqueous and Organic Sol vents 
4.2 Kinetic Resolution of Racemic Allyhc Acetates using 
Hydrolytic Enzymes 
4.3 PreparatiOn of Substrates for Kinetic Resolution Studies 
using Hydrolytic Enzymes 
4.4 Results for the Kmetic Resolution of Racemic Allylic 
Acetates 
Chapter Five : Palladium - Enzyme Catalysed Dynamic Resolution of 
Racemic Allylic Acetates 
5.1 IntroductiOn 
5.2 Mechanistic Aspects of the Racelllisation of Allyhc 
Acetates via Palladmm Catalysis 
5.3 Results for the PalladiUm- Enzyme Catalysed Dynamic 
Resolution Reaction 
54 ConclusiOns 
VI 
77 
78 
79 
80 
80 
81 
82 
85 
91 
102 
102 
104 
llO 
Chapter Six : Experimental 
6.1 
62 
6.3 
6.4 
References 
General InformatiOn 
Experimental for Chapter Two 
Ex penmen tal for Chapter Three 
Experimental for Chapter Four 
Vli 
113 
114 
122 
135 
149 
n-BuLi 
t-Bu 
BSA 
cat 
mCPBA 
DBU 
DIOP 
DMAP 
e.e. 
Eu(hfc)3 
GC 
HPLC 
HMPA 
NMR 
Ph 
iPr 
TBDMS 
TFAA 
TIIF 
1LC 
TMEDA 
TMS 
pTSA 
Abbreviations 
Vlll 
n-butylhthium 
tert-butyl 
N,O-bis(trimethyls!lyl)acetamide 
catalytic 
m-chloroperoxybenzmc ac1d 
1,8-dmzobicyclo[S 4 O]undec-7-ene 
2,3-0-!sopropyhdene-2,3-dlhyroxy-1,4-
bis( d1pheny lphosphmo) butane 
4-dlmethylam!nopyrid!ne 
enantwmeric excess 
tris[3-(heptafluoropropy lhydroxymethy le ne) 
camphorato], europmm (Ill) 
gas chromatography 
high pressure liqmd chromatography 
hexamethylphosphonc tnam1de 
nuclear magnetiC resonance 
phenyl 
Isopropyl 
t-butyld!methyls1lyl 
trifluoroacet1c anhydnde 
tetrahydrofuran 
thm layer chromatography 
N, N, N', N' -tetramethylethylenediamme 
tnmethyl silyl 
p-toluenesulfomc ac1d 
Chapter One 
Current Approaches to Transition Metal Mediated Asymmetric 
Catalysis 
1 
---- __ j 
1.1 Introduction 
Over the past two decades, asymmetnc catalysis has evolved into a dynamic, raptdly 
growmg area of research. Desptte the enormous progress made in enantioselective 
catalysts, the development of asymmetnc, metal-catalysed C-C bond formmg reactions 
remams a challengmg area of research I 
In enantioselective catalysts, a prochtral substrate is converted into an enantwmencally 
pure product using an enantwmencally pure catalyst As the enantiomerically pure 
catalyst re-enters each catalytic cycle anew, a multiplication of the chiral mformatwn 
contained in the catalyst takes place. Enzymes have proved to be htghly profictent 
enantioselective catalysts. Chemistry is challenged to provtde chernzymes whtch can be 
used for processes not necessarily applicable to enzymes As a result, powerful 
synthetic catalysts have become avrulable which exhtbtt levels of enantioselectivtty 
previously considered beyond reach for non-enzymtc processes. Most of these catalysts 
are metal complexes contaming a chtral organtc ligand whtch controls a metal medtated 
process in such a way that one of two enantwmenc products is formed with high 
preference over the other 
Effective chtral ligands for asymmetric catalysts are often derived from natural products 
such as alkalotds, ammo actds, hydroxy actds, carbohydrates and terpenes. 2 This 
mtroduction atms to htghhght some of the most recent advances in transition metal 
medtated asymmetric catalysis 
1.2 Monodenate Ligands 
As a general rule, monodentate ligands are less effective than bidentate ligands for the 
control of the stereochenucal outcome of a reaction. 
However, Hayasht et al m thetr development of chtral monodentate phosphine ligands 
have found that 2-(dtphenylphosphmo)-2' -alkoxy-1, I' -binaphthyls (MOP's) are very 
2 
effective for several types of catalytic asymmetric reactions mcludmg palladmm 
catalysed hydrosilylation of olefins.3, 4 
Using 0.1 mol %of allyl palladmm chloride d1mer co-ordmated w1th (R)-2-methoxy-2'-
diphenylphosphmo-1,1' -bmaphthyl ((R)-( +)-MOP) 1, the olefins 2 and 3 were subjected 
to asymmetric hydros1lylation followed by oxJdatwn to g1ve the exo-alcohols 4 and 5 m 
>90% y1eld and 93% e.e. (Scheme 1). 
fb [PdCl( n.C 3H5)] 2 (R)-MOP 
R 99% 
R=H2 
R=C02CH33 
1.3 Homobidentate ligands 
OMe 
PPh 2 
(R)-(+)-MOP 1 
fb-s,cJ, KF, 
KHC03,H2~ 
R 
Scheme 1 
fb-OH 
R 
R=H4 
R=C02CH3S 
Homobidentate ligands have rec1eved a great deal of attentwn over the last two decades. 
In this discussion the emphasis Will be on the more important b1dentate phosphorus and 
nitrogen hgands. 
1.3.1 Bidentate Phosphorus Ligands 
B1dentate phosphorus ligands have been widely reported in the literature, showmg high 
efficacy in a variety of metal mediated asymmetric catalys1s reactiOns, more noticeably 
for their suitab1hty for catalytic asymmetric hydrogenation reactions. 
3 
-----------------------------------
Smce Kagan and Dang mtroduced the chtral dtphosphine (-)-DIOP5 m to the field of 
asymmetric catalysts, there has been Immense mterest m the development of other chtral 
dtphosphine catalyl!c systems to effect a wide range of reactions 
In 1992, Burk and Feaster descnbed how tbe 1,2-bis(phospholano)benzene (Et-
DuPHOS) hgand 6 possessmg the conformal!onally restncted 1,2-phenylene backbone 
has been used efficiently m the rhodmm catalysed asymmetric hydrogenal!on of the 
C=N group of N-acylhydrazones 7 to achteve enantiomerically enriched ammes 8,6 as 
illustrated m Scheme 2. 
[Rh(Et-DuPHOSW 
Scheme2 
The authors suggest that whtle conformationally restricted chtral dtphosphines have 
proven to be beneficial in terms of enantwselecl!vity, flextble backbone structures are 
often reqmred for achtevmg htgh catalytic rates. 
Burk and eo-workers also developed two types of I ,I' -bzs(2,5-dtalkylphospholano) 
ferrocene ligands 7, 8 m order to sallsfy tbe reqmrements for htghly enantwselective 
ketone hydrogenation catalysts that operate efficiently under mild condtl!ons (25 °C, 
4 
<60 pst Hz). Preliminary results indtcate that the 1,1 'bis(2,5-dtethylphospholano) 
ferrocene hgand 9 can achteve good levels of enantioselectivtty for the rhodmm 
catalysed hydrogenation of ~-keto ester methyl acetoacetate 10 (58% e.e.) and dtmethyl 
ttaconate 11 (83% e.e.). 
Et 
~-0 10\4 Et 
9 
The authors pomt out that whtle the enantwselectivity of thts reactiOn was only 
moderate, high catalytic activity was observed under the aforementioned conditiOns. 
Thts stands m contrast to the best current systems typified by Ru-BINAP, whtch 
reportedly reqmre hydrogen pressures as high as lOO atm for reasonable rates of ~-keto 
ester reductions 9 
Palladmm catalysed asymmetric arylation has been studted by Shtbaski et al m thetr 
demonstratiOn of the asymmetric Heck reactwn.IO Initial studtes mvolved the palladmm 
catalysed asymmetnc arylation of the 4, 7 -dthydro-1 ,3-dioxepine denvative 12 (Scheme 
3). Unfortunately, this substrate was found to afford the deSired couplmg product 13 in 
only 16% e e. and 5% yteld. Addition of 3A molecular steves to the reaction medmm 
accelerated the asymmetric Heck reaction, tmproving not only the chemical yteld (44%) 
but also the enantiomenc excess (47% e.e.). 
5 
Ph 
n PhOTf n PPh 2 
oxo Pd(OAc)z oxo (S)-BINAP PPh2 R R benzene R R 
R=H12 R=H13 
R=CH3 14 R=CH3 15 (S)-BINAP 
Scheme3 
To further Improve on these results 14 was subjected to Similar reaction conditions. The 
success of such an mvestigatwn resulted in the desired couplmg product 15 m 72% e e. 
and 84% yield. 
BINAP-Ru(II) complexes have proven to be one of the most efficient classes of catalysts 
for asymmetric hydrogenation of a wide range of prochiral substrates. Recently, Takaya 
et al prepared new Hg-BINAP hgands 16 possessing a umque feature as compared with 
the conventional BINAP's.7• 11 
H2 (lOO atm) 
0.5 mol% 16 
99% yield 
Scheme4 
6 
L-----------------------------------------------------------------------
Under mild conditiOns, a series of (E)-2-alkyl-2-alkenOJc actds were hydrogenated 
effictently. The example illustrated in Scheme 4 shows the quantitative hydrogenation 
of 2-aryl propenoic acid 17 to the antl-mflammatory drug (S)-tbuprofen 18 m excellent 
e.e. (95-97% ), by use of the Hg-BINAP-Ru(II) complexes as catalysts. 
1.3.2 Bidentate Nitrogen Ligands 
Btdentate mtrogen ligands have shown wtde apphcabthty for a range of reactions 
Pfaltz developed a class ofbtdentate mtrogen ligandsl2 bemg mspued by the structures 
of corrin01d and porphinoid metal complexes, whtch play a fundamental role as 
bwcatalysts m nature As a consequence, the chual Cz-symmetnc semtcorrms 19 were 
specifically destgned for enantioselective catalysts. 
CN 
19 
Cobalt semicorrin complexes catalysed the reductiOn of electrophihc carbon -
carbon double bonds, usmg sodmm borohydnde as the reducmg agent, achtevmg up to 
94% e e.l3 (Scheme 5). 
NaBH4 
I mol %CoC12 
EtOH I DMF, 23°C 
~ C02Et ------<~ 1.2mol% 
CN 
SchemeS 
7 
The potential of mono(sem1corrinato) copper (I) complexes 20 was realised when they 
were used for the enantioselectlve cyclopropanat10n of olefins with dmzo compounds, 
achieving levels of asymmetnc m duct! on up to 97% e.e. I 4 (Scheme 6). 
Ph'== 
CN 
.:: 
" • • HOMe2C • • • • 
• • 
20 
N 2CHC0 2R' 
ClCH2CH2Cl, 25°C 
1mol%20 
R'=Et 
R'= 'Bu 
CMe20H R' = d-Men 
Scheme6 
92% e.e. (73:27) 
93% ee. (81:19) 
97%ee . (82:18) 
Analogues of the sem1cornns have been prepared, the 5-azasem!cornns 21, the 
bis(oxazolmes) 22 and the gem-dimethyl bzs(oxazolmes) 23.15 
Me 
I 
N V-'Q 
R R 
21 
<;-D~ 
R R 
22 23 
80%ee 
92%ee 
95% ee. 
The catalyst denved from 5-azasemlcornn 21 (R = CMe20TMS) and copper (I) tnflate 
achieved enantioselectlv!tles between 94- 98% e e. for the asymmetnc cyclopropanation 
of styrene w1th ethyl diazoacetate. 16 
Bis(oxazolmes) have been Widely reported as bidentate ligands for several trans1t10n 
metal catalysed reactions The1r ready accessibility from amino alcohols and h1gh 
structural variability render them particularly attractive for such processes and as a result 
they have rece1ved a great deal of attentiOn over recent years. 
8 
Corey et al have descnbed the application of chual bzs( oxazolme) hgands 23 (R = Ph, 
R' =H) m iron17 and magnesmm18 catalysed asymmetric Diels-Alder reactwns, 
yieldmg 82% e.e. and 92% e.e. respectively. Evans and eo-workers have applied the 
copper catalyst denved from the chiral bzs(oxazoline) ligand 23 to this reaction19, 
achieving good levels of asymmetnc mduction, >98% e.e. 
More recently Corey and eo-workers have used cyanobis(oxazoline)-magnesmm 
complexes 24 for the enantwselective conversion of cyclohexane carboxaldehyde to 
cyanohydnn 25,20 as shown m Scheme 7. 
TMSCN (2eq) 
CH2CI 2:~H5CN, -78°C 
20mol% 
CN 
oylyo s-~-Mg'N-{ 
Ph Cl Ph 
24 
Scheme7 
H ,PTMS (?eN 
25 
65% e.e. 
85% yield 
This modest level of asymmetnc mductwn was greatly enhanced by the addition of 12 
mol % of the his( oxazohne) 22 (R =Ph) as a eo-catalyst. Thus, under the same 
conditions, the cyanohydrin 25 was obtained m 95% yield and 94% e e. 
Bis(oxazolme) 26 has also been exploited by Helmchem and co-workers21 for the 
rhodium catalysed enantioselective hydrosilylation of acetophenone, achievmg 84% e e. 
and 59% yield (Scheme 8). 
9 
I. Ph 2SIH2, CC1 4 
0 5 mol % [(COD)RhCllz 
lOmol% 26 
2.H+,H20 
;::>-<~].,~ 
R R 
26 
SchemeS 
OH 
Evans et al reported the use of copper (I) Inflate with methylbzs(oxazohnes) 23 (where 
R = CMe3), achievmg up to 99% e e for the asymmetric cyclopropanauon of olefins 
with ethyl diazoacetatel5b (ref Scheme 6). 
More recently Pfaltz et a(l2 prepared copper (I) complexes m situ from chual 
bis(oxazolines) and copper (I) triflate for the allyhc oxidation of cycloalkenes (Scheme 
9). Usmg 5 mol % of catalyst 23 (R = 1Pr or IBu, R' =H) and t-butyl perbenzoate as the 
oxidant, enantiomencally pure 2-cycloalkenyl benzoates 27 were obtamed m moderate 
to good yields and With enantwselectivites up to 84% e e. 
With 23 
(R = 'Pr) 
5 mol % Cu(I)OTf 
6- 8mol% 23 
an= I 
bn=2 
cn=3 
27a 81% yield, 77% e.e. 
27b 71% yield, 58% e.e 
27c 75% yield, 74% e e 
with 23 27a 61% yield, 84% e e. 
(R = 'Bu) 27b 64% yield, 77% e e. 
Scheme 9 
10 
Another area of apphcatwn of the 5-azasem!comn and bis( oxazoline) hgands wh1ch has 
rec1eved a great deal of attentiOn recently 1s palladmm catalysed nucleoph1hc allyhc 
substitutions, using the allyhc acetate substrate 28. Of the early results for th1s process 
5-azasemicorrins 21 (R = CHzOTBDMS) and gem-dimethyl bzs(oxazolines) 23 (R = 
CHzOTBDMS, R' =Ph) ach1eved good y1elds (>97%) of 29 w1th excellent levels of 
enantwselectiv1ty, 95% e.e. and 97% e e , respectively (Scheme 10). Th1s area w1ll be 
discussed in more detazl m Chapter 3. 
OAc 
Ph~ Ph 
28 
[PdCl( 7t-C3H5)h 
dimethyl malonate 
BSA, KOAc, CH2Cl2 , 23°C 
2 5 mol % 21 or 23 
Ph~ Ph 
29 
Me 
I 
N Y.'Q 0 y 0 Ph"'")--1' 'f--.(-~ 
R 21 R R 23 R 
(R = CH20TBDMS) 
Scheme 10 
Other bidentate mtrogen hgands m elude chiral diammes Lema1re et a(l.3 have reported 
the rhodmm catalysed enantwselectlve reductiOn of ketone 30 by hydrogen transfer from 
propan-2-ol using Cz-symmetnc 1,2-d!azmnes 31 as chiral hgands (Scheme 11), 
y1eldmg the enanuomencally ennched a-hydroxy ester 32 
11 
OH 
A r.t., KOH, lhr 
31 
Scheme 11 
100% conversion 
>99%e.e. 
C2-symmetry bis(aziridines) 33 have been reported by Tanner and co-workers.24 They 
were Initially used for the stoichiometnc osmmm promoted syn-hydroxylat10n of trans-
stilbene; a reactiOn which confirmed that the bis(aziridme) functiOned as an acceleratmg 
ligand. Encouraged by this result the authors investigated Its apphcab1hty to catalytic 
asymmetric copper catalysed azuidmat10n reactions (Scheme 12). 
Ph~ 
10%33 
5% CuOTf or Cu(OTfh 
I eq PhiNTs 
68% 
Ph ,Ts 
:x1 H 
34 
33% ee. 
Scheme 12 
The level of enant10select1V1ty expressed m 34 IS modest m companson with other 
literature reports. IS 
The authors have further shown the versatility of ligand 33 through their successful 
applicatiOn m the palladmm catalysed allyhc substitutiOn process. The success of these 
hgands was reflected m the high levels of enant!OselectlVlty (>99% e.e.) achieved for the 
process. These results Will be discussed m more detail m Chapter 3 
12 
1.4 Heterobidentate Ligands 
Chual heterob1dentate hgands in which the two donor atoms are different from one 
another have been relatively neglected w1th respect to the1r homobidentate counterparts, 
for several years. The last few years, however, have seen an upsurge of interest m 
heterob1dentate ligands and their number IS rapidly increasing While most of these 
hgands have been mtroduced w1th remarkable success m the palladmm catalysed allylic 
substitution reaction, the apphcat10n of these hgands for other asymmetnc catalysed 
processes is showing great potential. 
1.4.1 Phosphorus-Nitrogen Ligands 
Brown et al have prepared the P-N hgand, 1-(2-diphenylphosphino-1-naphthyl) 
1soqumoline 35, for rhodmm catalysed hydroboration react10ns using catecholborane25 
(Scheme 13). The secondary alcohol products 36- 38 were isolated (after H202 
oxidation) m h1gh optical punty (up to 94% e.e.) 
catecholborane 
[Rh(COD)(acac)]-CF3S03S!Me3 
I mol% 
35 
Scheme 13 
OH 
R=MeO 3694%ee. 
R=H 3788%e.e. 
R =Cl 38 78% e.e. 
Inspued by earlier investigatiOns of Kumada et al who perfomed Nl(II) catalysed 
asymmetric Grignard cross-coupling reactions w1th phosphinoferrocenyl amine hgands 
and achieved up to 65% e e.,26 R1chards et al developed a senes of 
phosphmoferrocenyl oxazohne hgands for the aforementiOned reaction.27 
13 
Usmg the diastereomeric ligands 39 and 40, Richards and eo-workers prepared the 
correspondmg palladmm dichlonde complexes. Subsequent investigation mto their 
efficiency for Gngnard cross-coupling reactions provided low to modest levels of 
asymmetric inductiOn (Scheme 14). 
PdCI2(CH3CN)2 Me 
Ph_)._MgCI 
Br I mol % 39 or 40 
+ ~Ph 
Etp 
~)···~ 
6PPh2 
39 
Scheme 14 
Me 
Ph~ Ph 
with 39 45% e.e., 74% yield 
with 40 8% e e., 23% yield 
40 
Phosphorus-Oxygen hgands28 have been developed and used successfuly in palladium 
catalysed allyhc substitutiOn reactiOns, as have and Phosphorus-Sulfur ligands29 for the 
enant10selective reductiOn by hydnde transfer achievmg modest levels of asymmetric 
inductiOn, 88% e.e. and 20% e e., respectively. 
1.4.2 Nitrogen-Sulfur Ligands 
Copper (D th10late complexes denved from hgands 41 were found to be efficient 
catalysts for enantioselective conjugate addition of Grignard reagents to a.,~-unsaturated 
ketones (Scheme 15) as reported by Pfaltz and Zhou.30 
14 
0 
(~ 
'PrMgCl 0 
5 - 10 mol % 41 (Li salt) €l 
Cui 
(CH:z)n 
THF HMPA * 'Pr 
' 
n=2 42 37%ee. 
n=3 43 72%ee. 
n=4 44 87%ee. 
Scheme15 
41 'Pr 
The enantwselectlVltles increased with rmg s1ze of the cycloalkenone, from low e. e. 
values for cyclopentenone 42 (37% e e), to a max1mum for cycloheptenone 44 (87% 
e.e.). 
1.4.3 Nitrogen-Oxygen Ugands 
The heterob1dentate N-0 ligand 45, has been prepared by Salvadon et al for 
enantioselectlve Reformatsky reactwns31 of aromatic aldehydes to y1eld asymmetric~-
hydroxy esters 
Using benzaldehyde as the substrate and m the presence of0.1 mol equivalent of 45, the 
product 46 was obtamed m 15% e e and 100% y1eld (Scheme 16). However, under the 
same conditiOns but w1th an increased amount of 45 (1 mol eqmvalent), the product 46 
was obtamed m 65% e.e. and 100% yield. Th1s IS an example of ligand acceleratiOn 
since there is no transitiOn metal involvement. Th1s subJect will be discussed in more 
det:ul in Chapter 2. 
0 
BrZn U 
V"o1Bu 
Ph"-. /"-
1. l~ OTBDMS 
HO NMe2 I PhCHO 
45 
Scheme 16 
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1.5 Lewis Acid based Catalysts 
Asymmetnc reactiOns based on ch1ral Lew1s ac1ds are of great current interest and m 
recent years chiral LeWJs acJd-transJtJOn metal complexes have accomplished a great 
deal of success when applied to asymmetnc synthesis. 
A titanium complex 47 catalyses the D1els-Alder reactiOn of 2-bromoacrolem w1th 
1soprene or cyclopentadiene to g1ve products 48 and 49 with 90% e.e and 93% e e. 
respectively (Scheme 17), as shown by Corey et al. 32 
0 
H~Br + 0 
0 
0<::- 11 S-N-1i-O~ 
I ' Cl 0 
47 
CHO 
;:)···& 
48 
90%e.e 
------------~~~CHO 
49 
Scheme 17 
93%e.e. 
exo/endo = 67 /I 
M1kami and eo-workers have earned out extensive mvest1gat10ns for the application of 
chiral Lew1s acid-titanium complexes for asymmetric catalysis Recogmsmg the 
mtramolecular ene reactiOn (ene cyclisat10n) as an effic1ent method for stereocontrolled 
cyclisation with carbon-carbon bond fonnat10n ("carbo-cyclisatJOn"), the authors 
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investigated the asymmetric catalysis of such processes usmg BINOL-denved tttamum 
complexes. 33 
OH 
"' ; 20 mol % SOa-c 
a().. MS4A. 
CH2CI 2, r.t., 1 day 
wtthSOa (Y=Cl0 4) 91%ee SOa-c 
wtth SOb (Y=OTf) 92% e.e 
wtth SOc (Y=BF4) 55% e.e. 
Scheme 18 
The BINOL-denved tttamum perchlorate SOa and tnflate SOb gave excellent levels of 
enantioselectlVlty, 91% e.e. and 92% e e., respectively. However, the tetrafluoroborate 
SOc counterpart provtded only modest levels of opttcal yteld (55% e.e.) (Scheme 18). 
Mtkarm et al used another chiral bmaphthol-derived titanium complex SOd (Y =Cl) for 
the asymmetric catalysis of carbonyl-ene reaction wtth fluora!S1,34 (Scheme 19) whtch 
provides an efficient route for the asymmetnc synthesis of CF3-contammg compounds 
of bwlogtcal and synthetic importance. The levels of enantioselectivtty observed 
exceeded 95% e e 
0 
H)lCF 
Cl s1 3 OJ -- I OH+ 10-20 mol% SOd CFa 
MS4A. 
CH2CI 2, ooc, 30 rmn (76: 24) 
>95% e.e. >95% e.e. 
Scheme19 
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1.6 Cinchona and his-cinchona derived catalysts 
The importance of the osmium catalysed asymmetric d1hydroxylation of alkenes in the 
presence of cmchona-derived catalysts 52 and 53 IS reflected in the ever increasmg range 
of substrates which have been successfully employed. 
ox 
ox 
X=DHQ 52 
X=DHQD 53 
OMe 
AD mix-a= 52, K3Fe(CN)6 , K2C03, K20s02(0H)4 
AD mix-~= 53, K3Fe(CN)6, K2C03, K20s02(0H)4 
OMe 
The Sharpless group has recently shown how the conversion of allyl hahdes 5435 and 
allyl sulfides 5536 can be converted mto the correspondmg dwls, usmg catalyst 53, with 
excellent levels of asymmetric mduction (Scheme 20) 
buffered AD mix-~ OH 
RArer R~CI 0°C, 1Bu0H-H20 
54 MeS02NH2 
OH 
R=CH3,Ph >95% e.e. 75 - 80% yield 
OH 
buffered AD mix-~ PhS~Ph PhS~Ph 
55 0°C, 1Bu0H-H20 OH 
75% yield 
98% ee. 
Scheme20 
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1.7 (Salen) Manganese (111) derived catalysts 
The epoxidation of alkenes is an Important reactiOn m organic chemistry because two 
new bonds, and m asymmetric cases two new chiral centres, are created m one step. 
Chiral (salen) Mn(III) complexes, fust introduced by Jacobsen et a[,37 have emerged as 
good catalysts for the enantwselective epoxidation of unfunctionalised alkenes. More 
recently the Jacobsen group have reported excellent levels of enantwselectivity for the 
tnsubstituted olefin, from 1-phenylcyclohexene 56, usmg catalyst 57.38 The synthetic 
utility of this reaction is realised in It's applicatiOn to the synthesis of the Whitesell 
auxihary39 trans-2-phenylcyclohexanol58 as shown m Scheme 21. 
0 
56 
57 
NaOCl 
0 4-PhC5H4NO (0 2 eq) TBME,ooc 
92%ee. 
69% yield 
"Q"" -N N-, ' 
' ' . ' 
Mn 
o/ 1 'o 
Cl 
57 
Scheme21 
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HCl 
Ph 0~-0 ,,,OH •' 
64% yield 
J 
1. H 2, Pd/C 
2. recystallisatwn 
Ph 
6~0H 
58 
99+% ee. 
57% yield 
1.8 Titanocene based Ligands 
Buchwald and eo-workers have used a chiral titanocene catalyst 59 to effect the catalytic 
asymmetric hydrogenation of the cyclic ketnnine 60 with excellent levels of 
enantiOselectiVIty (99% e.e.) to yield the cyclic amine 61.40 Usmg the same catalyst the 
enamine 62 was converted mto the highly enantwmerically ennched tertiary amine 63 
(92% e.e.)41 (Scheme 22). 
PhJ:) 
60 
59 
X= 1,1' bmaphth-2,2'-diolate 
Scheme22 
1 mol% 59 
'active catalyst' 
500psig H 2 
21°C 
86% 
5 mol% 59 
'active catalyst' 
15psi H 2 
rt. 
75% 
PhJ:) 
H 
61 
99% e.e. 
The active catalyst employed m these studies was generated by the addition of 2 
equivalents of n-BuLI followed by 2.5 eqmvalents of phenyls1lane to a solutiOn of 59 in 
THF under a hydrogen atmosphere. 
1.9 Tridentate and Tetradentate Ligands 
Tridentate hgands have similar structural features to those of b1dentate ligands except 
that they have a further ligand atom of the same type which potentially can mteract With 
the metal. In most cases, it IS assumed that the third ligand atom does co-ordmate to the 
metal and produces a better defmed ch1ral environment 
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The tndentate ligand 64 was developed by N1shiyama et a[42 for the ruthenium 
catalysed asymmetnc cyclopropanation of olefms With diazoacetates, ach1evmg h1gh 
levels of asymmetric induction (up to 94% e e.). 
More recently, Pfaltz and eo-workers used ligand 64 m the copper catalysed 
enantioselective ally lie ox1dat10n process22 (ref Scheme 9). The enantloselectiYltles and 
y1elds observed w1th 64 (> 70% e. e. and 80% y1eld) were comparable to those achieved 
using the bis( oxazolme) 23. 
The use of 65 for rhodmm catalysed hydrosilylat10n of proch1ral ketones, (ref Scheme 
8) as used by Brunner and Obennann43 produced relatively low levels of 
enantioselectlvitiy ( -20% e.e). 
The Cz-symmetnc b1s( oxazoline) 66, a tetradentate ligand devised by N1shiyama et a[44 
has proved to be highly successful for the rhodium catalysed reduction of acetophenone, 
prov1dmg up to 94% e e. 
r o N~ ryN 
66 
R R 
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1.10 Conclusions 
In conclusion, it has been Illustrated that transitiOn metal mediated asymmetnc catalysis 
demonstrates great efficiency for a diverse range of reactions For diffenng reactions, 
there are varying reqmrements as regards the ligand design such that the design of a 
hgand needs to be tmlored to the specific reqUirements of a reaction. Therefore, despite 
the number of hgand designs which have already been concieved of, there is still an 
enonnous amount of potential for further developments. 
Our mterests lay with the design of new hgands for asymmetnc catalysis with distmct 
emphasis on the exammation of the particular reqUirements for a ligand to effect highly 
enantwselective processes. 
22 
Chapter Two 
Asymmetric Addition of Diethylzinc to Aromatic Aldehydes using 
Enantiomerically Pure Oxazoline Ligands 
23 
2.1 Introduction 
The asymmetric addihon of dialkylzmc reagents to aldehydes catalysed by 
enantiomencally pure hgands is a convenient method for the preparation of 
enantwmerically ennched secondary alcohols. These alcohols are important synthetic 
intermediates for various functionahties such as halide, amme, ester, ether, etc. 
Asymmetnc alkylation of aldehydes results m the formatiOn of enantwmencally pure 
alcohols with the Simultaneous formation of a carbon-carbon bond 45 
Initially, stOichiometric amounts of the enantwmencally pure hgand were required to 
achieve high levels of asymmetric induction. 46 This presented a challengmg problem -
to develop a catalytic asymmetric process for the addition of dialkylzmc reagents to 
aldehydes. 
Organozinc reagents have been known for many years, being uuhsed m such processes 
as the Simmons-Smith reactiOn and the Reformatsky reaction. 
In general, monomenc dialkylzmc reagents do not react With simple carbonyl 
compounds unless they are specifically activated. However, alkyl transfer may occur 
upon addition of co-ordinatmg ligands which enhance reactivlty.47 
2.1.1 Mechanistic Aspects of the Catalysed Enantioselective Alkylation Reaction 
Monomeric dialkylzmcs have linear geometry and are mert to simple carbonyl 
compounds, as opposed to their alkylhthmm and Gngnard reagent counterparts, smce 
the alkyl-zmc bond is particularly non-polar. AdditiOn of certam donor hgands or 
auxdianes can generate co-ordinated organozmc structures possessmg higher reactivity, 
so encompassmg a hgand acceleratmg effect. 45, 48 
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Treatment of a chiral hgand with d1ethylzmc causes the cleavage of one zinc-carbon 
bond to form the zmc monoalkox1de 67, as shown m Scheme 23. X-ray 
crystallography studies have shown that the co-ordmation geometry of the zmc atom is 
tetrahedral and mvolves an mcrease in bond length between the zmc and carbon atoms 
of the reagent. 48b, 49 It IS beheved that It IS the zinc monoalkox1de which IS the 
catalytic species. 
ReactiOn of the zinc monoalkoxide 67, dialkylzinc and, for example benzaldehyde 68, 
forms complex 69. The co-ordmat10n geometry of the zmc atom is essentially 
tetrahedral. The nucleoph1hcity of the alkyl group of the d1alkylzmc IS m creased by co-
ordmatwn of the zmc atom with the oxygen or mtrogen atom of the catalyst For the 
example given, mtrarnolecular ethyl transfer from the Si face occurs vza a Six-membered 
cyclic transition state mvolving the second alkylzmc eqmvalent co-ordmated With the 
oxygen atom of alkoxide 67. (The hgand is simplified for the purpose of the dmgrarn) 
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CNR2--Et2Zn -EtH OH 
H EtrPh 
OZnEt 
70 
H EtrPh 
OH 
71 
67 
Scheme23 
LiberatiOn of the (S)-alkylzinc alkoxide 70 allows regeneratiOn of the catalyst. 
Et2Zn 
+ 
PhCHO 
68 
Subsequent hydrolysis of 70 yields the correspondmg enantwmerically ennched (S)-
secondary alcohol 71.45, 48b, 50 Steric mteractwns with the aldehyde subs!Ituents (for 
benzaldehyde, Ph versus H) determme the stereochemical outcome of the alkylation, 
such that the aromatic ring takes up an equatonal position. 
2.1.2 Non-Linear Effects 
The non-lmear relationship between the enantwmenc punty of the catalyst and that of 
the product attracts much attentiOn In certam asymmetric catalytic processes, the 
extent of asymmetnc mductwn deviates considerably from the enantwmenc excess of 
the starting chiral source.48b, 51 
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The investigations of Noyon et a[48b showed how the reaction of benzaldehyde 68 and 
d1ethylzmc (1:1 mol ratio) catalysed by 8 mol% of (-)-72 m 15% e.e. yielded (S)-
phenyl-propan-1-ol 71 in 95% e e. (92% yield). This e e. value achieved With the 
partially resolved 72 auxiliary IS close to the value of 98% e e. obtamed usmg 
enantwmencally pure 72. This phenomenon of asymmetrcc amplificatwn has also been 
observed m the reactiOn of dimethylzinc. 
N(CH 3h 
72 
Comparative studies by Bolm and eo-workers have shown similar non-linear 
relationships between thee e. of the catalyst 73 and that of the product 71.50d Thus, 73 
with an e e. of 14% yielded the product 71 with 87% e e. They also reported that 
complete conversiOn of benzaldehyde was only observed when using catalysts with 
>30% e.e. 
Using the Noyon catalyst 72 as an example, this dramatic effect IS explained. The 
mm or isomer of the chiral catalyst ( + )-72, as the zinc alkoxide, forms a d1meric mesa 
type complex ( +, -)-74 with the maJor Isomer (-)-72 zinc alkox1de ofthe catalyst. The 
resultmg mesa complex 74 IS thermodynamically stable and does not catalyse the 
reactiOn. Consequently, the remamder of the major isomer of the chiral catalyst (-)-72 
zinc alkox1de forms a less stable d1meric complex ( -, -)-75 which more easily 
dissociates to the reactive monomeric major Isomer of the catalyst (-)-72 zmc alkoxide, 
thereby exhibitmg a much higher turnover efficiency, (Scheme 24). 
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J 
(CH3b 
N 
\ 
ZnEt 
I 
0 
(-)-72 
(-,-)-75 
unstable, more dissociable 
Scheme24 
(+,-)-meso-74 
stable, less dissociable 
Despite the non-linear effect, from the viewpomt of orgamc synthesis, the use of an 
enanuomerically pure catalyst is more practical smce this eiimmates any discrepancies 
which may occur dunng the reaction 
2.1.3 Chiral Catalysts for the Enantioselective Addition of Dialkylzinc reagents to 
Aldehydes 
A variety of catalysts for the enantiOselecuve addition of dialkylzmcs to aldehydes have 
been developed mcludmg ammo alcohols,52 quaternary ammonmm salts, 53 
oxazaborolidmes,54 diO!s,55 piperazines,56 diamines57 and pyndyls 50c,d, 58 
The following bnef discussion outlines some of the more recently developed chiral 
IIgands for this process. Probably the most widely Investigated catalysts are P-amino 
alcohols denved from natural and unnatural a-ammo acids. 
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Martens and eo-workers have used 76 m the asymmetnc alkylatiOn reaction of 
benzaldehyde 68 achievmg levels of asymmetric inductiOn exceedmg 99% e.e. 59 
This bicyclic catalyst 76 has proven to be more successful than the correspondmg (S)-
prolme analogue 77 which only achieved 24% e.e 
H 
76 77 
<X'H,Ph 
'f r-Ph 
CH3 OH 
78 
The structurally similar hgand 78 was reported by the same group. Used as It's lithium 
alkoxide, 78 yielded (S)-phenylpropan-1-ol 71 with levels of enantiOselect!vity 
comparable to those obtained with 76.60 
Chiral dialkyl thiophosphoramidates 79 derived from norephedrme have been reported 
as enantiOselect!ve catalysts for the reaction of benzaldehyde with diethylzinc in the 
presence of t!tamum Isopropoxide, by Soai and co-workers.61 Levels of asymmetric 
mduction ranged between 95 - 97% e e The product alcohols were consistently 
ennched in the (S)-enantwmer (Scheme 25). 
-
__ 79_-PhVEt PhCHO + Et2Zn 
TI(0-i-Pr)4 
68 
OH 
71 
Scheme25 
They-amino alcohol 80 has been reported as an efficient new catalyst for the 
enantioselect!ve additiOn of diethylzinc to aliphatic and aromatic aldehydes.62 The (R)-
secondary alcohols were obtamed in up to 96% e.e. 
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80 ~0 
upto96% ee. 
Hydroxyammo ferrocene 81 has efficiently catalysed the ethylation of p-
methylbenzaldehyde y1eldmg (S)-1-(p-tolyl)propan-1-ol m 94% e.e and 93% y1eld.63 
The chiral catalyst 82 catalyses the ethylatwn of p-chloro- and p-methoxybenzaldehyde 
With levels of asymmetnc mduction exceedmg 95% e.e 64 
Ishizak1 and Hoshino prepared enantwmerically enriched secondary alkynyl alcohols by 
the catalysed asymmetnc addition of alkynylzmc reagents to aldehydes usmg 83, 
ach1evmg up to 95% e.e.65 
(Ar = naphthyl) 
>95% ee. up to 95% e.e. 
82 83 
This group has been mterested m developmg applications of oxazohne hgands to 
asymmetriC catalysis. We w1shed to cons1der the possJbihty of usmg readily available 
oxazolme hgands for the asymmetnc alkylatiOn of aldehydes w1th organozmc reagents 
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2.2 ligand Design 
Meyers first reported the use of enanuomerically pure oxazolmes as 
stmchwmetric auxiliaries for asymmetric reactwns.66 The stereochemical 
control exerted by oxazohnes m aux1liary based reactions IS generally excellent 
and has found numerous applications m asymmetriC synthesis More recently, 
enantwmerically pure oxazolines have been extensively used as hgands m 
asymmetric catalysis 67 They can effect eff1cient ch1rahty transfer from the 
heterocycle to newly formed bonds thereby generating new centres of chirahty 
With high asymmetric mduction In 1989, several groups reported the use of 
pyridyl oxazohnes as ligands for catalytic asymmetric hydrosilylatwn.43, 68 
These reports firmly established the good stereochemistry-controlling properties 
of oxazolmes as hgands m metal medmted catalysis. 
Subsequently, a series of C2-symmetr1c bzs(oxazohnes) appeared from a 
number of groups and were used to great effect for various catalytic processes, 
such as highly enantioselective cyclopropanatwn reactions, 15a,b, 16, 69 
asymmetric palladium catalysed allyhc substitutwns70 and asymmetric metal 
catalysed Diels-Alder reactiOns.! 7, 18, 19 
Bolm71 has reported the crystal structure of a zmc bis(oxazohne) complex, 
wh1lst Evans 72 and Lehn 73 have reported crystal structures of copper complexes 
of bis(oxazolmes). 
The ready availability of oxazolines from commercially ava1lable startmg 
materials renders them particularly attractive as ligands. Our mterests lay m the 
exploitation of the stereochemistry-controlling properties of enantwmerically 
pure oxazohne ligands to effect h1gh levels of asymmetric mduction m the 
asymmetric additiOn of dmlkylzmc reagents to aromatic aldehydes. 
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2.3 Preparation of Enantiomerically Pure Oxazoline Ligands Tethered to Alcohols 
Our wtsh was to prepare a senes of enantwmerically pure oxazohne hgands tethered to 
alcohols. The organozinc reagent would co-ordmate between the mtrogen atom of the 
oxazolme nng and the oxygen atom of the alcohol tether. 
In 1974, W!tte and Seehger reported a procedure for the preparation of mono and 
his( oxazolines) by dtrect reaction of mtnles with amino alcohols in the presence of 
catalytic amounts of metal salts.74 By re-mvestigatlon of this procedure, Bolm and eo-
workers demonstrated that a variety of substituted, enantiomencally pure b1s( oxazolme) 
derivatives could readtly be prepared under mild condttlons.71 Usmg a shghtly 
modified procedure, Bolm prepared known mono(oxazohnes) 84 and 85 from 2-
cyanopyndine and 2-hydroxybenzomtnle, respectively, in high ytelds. 
84 85 
Due to the synthetic simplicity of the modified Bolm procedure, we decided to 
adopt this mode of oxazolme synthesis m preference to other literature methods.75 
Enantiomencally pure ammo alcohols are either commerctally available or are obtamed 
by reduction of the correspondmg ammo actd using sodmm borohydnde and 10dme. 76 
Imtially, we prepared oxazolines m which the alcohol was tethered to the 4-posttlon of 
the oxazolme group. Treatment of an excess of (IS, 2S)-(+)-2-amino-1-phenyl-1, 3-
propanedwl 86 wtth the appropnate nnidate ester hydrochlonde 87 or 88 m 
dichloromethane at 20 oc for 12 hours, aqueous work-up and crystallisation from 
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d1ethyl ether afforded the correspondmg oxazohnes 89 and 90 in good yields (Scheme 
26) 
OMe 
CIH2NAPh 
87 / 
/CH2CJ2 
Ph;c:>-Ph 78% 
OH 89 
Ph 
Scheme26 
OMe 
CIH 2NAMe 
~ 88 
rnih Ph 
- (=:>-~ 
HO 90 
In an alternative procedure, the reactiOn of an excess of (IS, 2S)-( + )-2-ammo-1-phenyl-
1, 3-propanedwl86 With thiophene 2-carbomtnle 91 m refluxmg chlorobenzene and in 
the presence of a catalytic amount of zinc (11) chloride furnished the oxazohne 92 in 
reasonable yield, after aqueous work-up and punficatwn by flash column 
chromatography (Scheme 27). 
111. 
((,_S /---. CN 
91 
cat. ZnCI2 
Scheme27 
Ph,,,,r~Or-(J 
rN s 
HO 92 
The 4-hydroxymethyl oxazohne hgands 89, 90 and 92 have been sat1sfactonly 
characterised by both spectroscop1c and analytical techniques Strong evidence in 
favour of oxazolme formation can be found m the IH NMR spectra where a 
charactensuc sphttmg pattern associated with the protons of the oxazohne ring IS 
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revealed. Further confmnat10n of oxazohne formation can be found m the mfra-red 
spectra where a charactenstlc C=N stretchmg band at -1650 cm-1 IS observed. 
In our efforts to prepare more stencally hindered enantiomerically pure oxazolme 
ligands we prepared oxazohnes 95 and 96 in two steps, as shown in Schemes 28 and 
29, accordmg to the hterature procedure of Meyers and eo-workers 77 The mexpens1ve 
and commercmlly available L-senne methyl ester hydrochloride 93 underwent reactiOn 
w1th the free base of methyl acetlm!date 88 m refluxmg 1 ,2-dichloroethane. Aqueous 
work-up yielded the oxazohne 94 as a colourless ml wh1ch could be used m the next 
step without further punficatlon (Scheme 28). Infra-red analysiS mdicated the 
characteristic C=N stretchmg band at -1650 cm-1 and that of C=O at 17 43 cm-1. 
Comparison of I H NMR data confirmed the product identity. 
OMe 
+ NH~Me reflux ClCH2CH2Cl 
68% 
0 
.. ()-Me 
Me0 2c''' N 
88 94 
Scheme28 
Treatment of oxazohne 94 with either phenylmagnesmm bromide or methylmagnesium 
10d1de afforded the correspondmg alcohols 95 and 96, m low to modest yield (Scheme 
29) 
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PhMgBr 
Et20 
0~ 
Ph c)-Me 
Ph-1,,,... N 
OH 95 
0 
0 C
,, ••. C :>-Me MeMgi 
Me 2 94 ~0 
17~ 0 
Me C)-Me 
Me~,,,... N 
OH 96 
Scheme29 
The oxazohnes 95 and 96 proved to be inherently unstable. Due to the1r mstabihty 1t 
was necessary to screen these hgands as the crude product, since they were susceptible 
to degradation upon punf1cat10n by flash column chromatography. 
Formation of the crude alcohols is demonstrated by infra-red analysis by the 
disappearance of the C=O stretchmg band and the Simultaneous appearance of the 
strong OH absorptiOn band at 3500 cm-1 
Characterisation of the degradatiOn products suggests detenoration to the oxazolme nng 
opened product 97. 1H NMR shows two new s1gnals; a broad smglet w1th an mtegral 
of one at 4.8 ppm and a doublet With an integral of one at 6 4 ppm, due to the OH and 
the ann de NH, resectively Infra-red shows the re-appearance of the C=O band at 
-1670 cm-1 
97 
The alcohol could alternatively be tethered to the 2-poslt!On of the oxazohne group. 
Based on the method of Pndgen and Miller, 78 valmol 98 was treated With 2-
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hydroxy1sobutyric ac1d 99 m refluxing xylene under Dean-Stark conditions for I 6 
hours. Removal of the solvent afforded the desired product 100 m excellent y1eld and 
could be used without punfication (Scheme 30). 
Oxazohne formation was again confirmed by IH NMR and mfra-red data. Companson 
of the optical rotatiOn value with the ongmal data confirmed the enantlomeric purity of 
100. 
M Me M Me 0) 
+ e,,j C0
2
H __ x...:.y:...I_en_e_s_..._ e-.......;-{ 
r reflux ~ HO HO N .,~ 'Pr 92% 
99 100 
Scheme30 
The (2-hydroxyphenyl)oxazoline 102, wh1ch has previously been prepared by Balm and 
co-workers,71 was prepared by reaction of o-cyanophenol 101 with valmol 98 m 
refluxmg chlorobenzene and m the presence of a catalytic amount of zmc (II) chlonde 
as shown in Scheme 31. The product Identity was confirmed by comparison of IH 
NMRdata. 
+~ YeN 
cat. ZnCI 2 
HO 101 
Scheme31 
In order to assure that no racemisatwn occurred dunng the zmc catalysed ring 
formatiOn, studies were carried out on related oxazolmes w1thm the group 79 whereby 
the resultant ligand was hydrolysed under acidic conditions hberatmg the ammo alcohol 
startmg material. Comparison of the optical rotation w1th an authentic sample of ammo 
alcohol confirmed that there had been no loss of stereochemical integrity. 
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2.4 Results for the Asymmetric Addition of Dialkylzinc Reagents to Aromatic 
Aldehydes 
Having prepared the hydroxymethyl oxazolmes, we exammed thetr ability to catalyse 
the addttion of dtethylzmc to aromatic aldehydes . 80 
In a typical procedure, the aromatic aldehyde 68, 103, 104 or 105 and the hgand (6 mol 
%) were stirred at room temperature for 30 mms before the addttion of dtethylzmc (2 
equivalents). The reaction was stmed at room temperature under an atmosphere of 
nitrogen. When TLC analysts mdtcated complete conversion of the aldehyde m to the 
alcohol, the reaction was quenched with IM HCI and extracted wtth dtethyl ether. The 
product 71, 106, 107 or 108 was tsolated by flash column chromatography m modest to 
excellent yteld (Scheme 32). 
~CHO 
~J R 
68R=H 
103R= o-MeO 
104R=p-Me0 
105R= p-CI 
Et2Zn (2 eq.) 
oxazolme hgand (6 mol%) 
hexanes 
rt 
Scheme32 
c(l~ 
R 
71R=H 
106R= o-MeO 
107R=p-Me0 
108R= p-CI 
As far as we could ascertam there were no detectable stde-products. The expected side-
product would be that of a benzyl alcohol109. A proposed mechanism as to the 
posstble formation of 109 ts given m Scheme 33 
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Scheme33 
~Ar 
109 
The enantwmenc excesses were determmed by chiral HPLC or chiral GC analysis, and 
the absolute configuratiOn was determmed by comparison With reported optical rotation 
data 50b, 81 
With the exception of oxazohnes 95 and 96 (which are denved from L-serine), all of the 
oxazohne catalysts provide the same sense of asymmetric inductiOn (the (S)-
enantiomer) in the product The oxazolines all possess the same relative configuratiOn 
as each other, except for oxazohnes 95 and 96 
The transitiOn state 69 (Scheme 23) IS consistent with the observed sense of asymmetnc 
mduction, and also with previOusly proposed models 50b In the absence of 
crystallographic data, these models are purely speculation but are nevertheless 
consistent with the observed ex penmen tal outcome m terms of the sense of asymmetnc 
induction obtamed These models have been used to mterpret the levels of 
enanhomenc ennchment and the yields obtamed in the reaction of aromatic aldehydes 
with diethylzinc m the presence of catalysts 89, 90, 92, 95, 96, 100 and 102. 
At first glance It can be seen that the oxazohnes 89, 90, and 92 denved from (IS, 2S)-
( + )-2-ammo- I -phenyl-1,3-propanediol 86 proved to be better catalysts than the other 
oxazohnes exannned m terms of stability, and the yield and enantioselectlVlty provided 
m the ethylatwn of aromatic aldehydes. Imtially we had anticipated that by replacmg 
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the hydroxymethyl subsutuent with the bulkier tether (as for oxazolines 95 and 96), that 
superior enantwselectiv1Ues could be obtruned. However from the results md1cated, It 
seems that this IS not the case. 
Ph~,. O (-.>-M• 
HO 90 
Ph,,,,,ror-o 
rN s 
HO 92 
Using 2 mol % of oxazolme 89 for the addition of d1ethylzinc to benzaldehyde 68 
results in 1-phenylpropan-1-ol 71 bemg obtained in low yields and low levels of 
enantioselectivity. Table 1 shows that by mcreasing the amount of catalyst used (to 6 
mol % ), a dramatic mcrease in both yield and asymmetric mductwn IS observed, under 
the same reactiOn conditions. Usmg 2 mol % of catalyst requires longer reaction times 
to achieve comparable levels of asymmetric mductwn and yield. Even though the 
yields are mfluenced by reactiOn time, as expected, the levels of enantwselechvity 
appear to be unaffected. 
Usmg o- methoxy- 103 and p-chlorobenzaldehyde 105 as substrates, the observed 
levels of enanhoselectivity and yields were comparable, If not slightly improved, to 
those results observed for benzaldehyde 68. However, an unexpected result was 
observed when usmg p-methoxybenzaldehyde 104 showmg d1mmishmg levels of 
enanhoselectlVlty but elevated yields 
39 
Table 1 
Catalyst Aromatic Time(h) e.e. (%) Yield(%) 
(mol%) Aldehyde (R) 
89 (2) 68 (H) 4 50 17 
89 (6) 68 (H) 4 56 32 
89 (2) 68 (H) 18 43 48 
89 (6) 68 (H) 18 59 65 
89 (6) 68 (H) 72 53 52 
89 (6) 105 (p-CI) 36 64 49 
89 (6) 103 (o-CH30) 18 59 78 
89 (6) 104 (p-CH30) 18 25 86 
Oxazolme 90 shows a similar trend to that of 89, such that 6 mol % of catalyst ts more 
effective than 2 mol %. The yteld and enantlomeric ennchment are affected by reactton 
time. Optimum conditions appear to be 18 hours reactiOn time and 6mol% of 
catalyst. Superior levels of enantwmenc ennchment and ytelds are obtamed when 
using o- and p-methoxybenzaldehyde 103 and 104, respectively (Table 2). 
Table2 
Catalyst Aromatic Time(h) e.e. (%) Yield(%) 
(mol%) Aldehyde (R) 
90 (2) 68 (H) 4 26a 5 
90 (6) 68 (H) 4 56 13 
90 (2) 68 (H) 18 13 22 
90 (6) 68 (H) 18 47 60 
90 (6) 103 (o-CH30) 4 49a 77 
90 (6) 103 (o-CH30) 18 67 86 
90 (6) 104 (p-CH30) 18 58 75 
a detennmed by opttcal rotatton 
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Agam, oxazohne 92 proved to be more effective when used m higher concentrations (6 
mol % ). Usmg lower concentratiOns resulted m modest levels of enantwmenc 
enrichment irrespective of reaction lime but With much lower yields Under the same 
reaction conditions the results were greatly Improved when the catalyst was used m 6 
mol% (vs. 1.5 mol%), as shown in Table 3 
Table3 
Catalyst Aromatic Time(h) e.e. (%) Yield(%) 
(mol%) Aldehyde (R) 
92 (2) 68 (H) 4 33 19 
92 (1.5) 68 (H) 30 31 38 
92 (6) 68 (H) 30 57 93 
92 (6) 104 (p-CH30) 18 49 71 
It IS assumed that the sulfur atom does not participate m the co-ordmatwn to the zinc 
atom, and co-ordmation only occurs through the mtrogen and oxygen atoms. It IS 
known that compounds contaming a duect zmc-sulfur bond are generally insoluble m 
hydrocarbons, contrasting strongly with the solubility behavwur of the correspondmg 
oxygen denvatives.47, 82 Indications are that polymers fonn, hence the msolubdlty of 
such compounds. 
Catalyst 95 achieves lower levels of enantiomenc ennchment than other catalysts, but 
appears supenor to Its dimethyl counterpart 96. 
0 
Ph c)-Me 
.'\. ,,... N 
Ph..--1~ 
0 
Me c)-Me 
. '\.,,, •. · N 
Me~l 
OH 95 OH 96 
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Models suggest that steric effects caused by the phenyl rings create a crowded centre for 
co-ordmat10n of the second organozmc. Reducmg the ability of co-ordmatwn results m 
a lowenng of y1elds and consequently d1mm1shed levels of asymmetnc inductwn. By 
comparison of 95 and 96, 95 ach1eves h1gher levels of enantiomenc ennchment with 
respect to the observed yields. The co-ordmatwn site of 96 is not as sterically crowded 
as that for 95, hence the yields are much improved. However, m contrast, the methyl 
groups are not as effective as the phenyl groups m d1rectmg enantwselective addition. 
Usmg 6 mol% of 95 for the asymmetric addition of d1ethylzmc to benzaldehyde 68, 
enantloselectlvity declines With mcreasmg reactwn times wh1le enhanced rates of 
conversiOn are observed. This observatwn was also made for the reactwn of p-
methoxybenzaldehyde 104 m the presence of 95 (Table 4) Th1s phenomenon may be 
attnbuted to the instability and poss1ble racemisation of the ligand with time. The ring 
opened oxazoline may still act as an acceleratmg ligand so accountmg for the enhanced 
y1elds. Usmg increased concentratiOns of the catalyst 95 did not Improve on the results 
prevwusly accomplished 
Table4 
Catalyst Aromatic Time(h) e.e. (%) Yield(%) 
(mol%) Aldehyde (R) 
95 (6) 68 (H) 4 30 27 
95 (6) 104 (p-CH30) 4 23 37 
95 (6) 68 (H) 12 5 76 
95 (6) 104 (p-CH30) 12 4 35 
95 (12) 68 (H) 72 9 74 
96 (6) 104 (p-CH30) 18 19 41 
96 (6) 104 (p-CH30) 35 14 72 
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Performmg the reaction at lower temperatures ( -10 to 0 oq With 96 did not show any 
significant Improvement with respect to yields and asymmetric induction (Table 5) 
TableS 
Catalyst Aromatic Time (h) e.e. (%) Yield(%) 
(mol%) Aldehyde (R) 
96 (6) 68 (H) 18 20 65 
96 (6) 68 (H) 35 7 45 
For the oxazohnes 100 and 102, where the alcohol tether is attached to the 2-position 
good to excellent yields were observed However, the levels of enant10meric 
ennchment were dJsappomtmg1y low, as shown m Tables 6 and 7. 
M Me OJ :t-<~ ·-~ 'Pr 
lOO 
'Pr 
From models of 100 It appears that the two methyl groups of hmder the formation of 
the zinc chelate resultmg m modest yields and low asymmetric mduction for the 
addition of diethylzmc to p-methoxybenzaldehyde 104. 
Table6 
Catalyst Aromatic Time(h) e.e. (%) Yield(%) 
(mol%) Aldehyde (R) 
100 (6) 104 (p-CH30) 16 16 40 
100 (6) 104 (/J-CH30) 36 25 48 
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The lower levels of asymmetnc mduction were not unexpected for catalyst 102 smce tt 
was thought more dtfficult for the zmc reagent to co-ordmate between the nitrogen and 
oxygen due to the extended distance between the two atoms, and so necessltatmg 
formatiOn of a stx-membered chelate. 
In practice thts dtd not appear to be an obstacle smce the observed ytelds were htgh. 
However, the enant10meric ennchment was again low (Table 7). Models suggest that 
steric effects are the mfluencing factors for the stereocontrol of the reactwn. The 
approach of the aromatic aldehyde ts challenged by stenc influences from both faces : 
from the bottom face, the tsopropyl group and from the top face the ethyl group of the 
organozmc 
Table7 
Catalyst Aromatic Time(h) e.e. (%) Yield(%) 
(mol%) Aldehyde (R) 
102 (6) 68 (H) 20 14" 33 
102 (8) 105 (p-CI) 24 23 88 
102 (6) 105 (p-CI) 68 14• >99 
a detenmned by opucal rotauon 
PreviOusly, the use of the lithium salt of amino alcohols has been reported to enhance 
the enantwselectlvity of the catalysed reactiOn for some systems. 56 However, treatment 
of oxazolme 90 with one eqmvalent of n-butylhthmm afforded a catalyst 110 (Figure 1) 
whtch provtded tdentlcallevels of enantwselectlYlty, although the yteld of the product 
was seen to mcrease slightly (Table 8). 
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Catalyst Aromatic 
(mol%) Aldehyde (R) 
111 (6) 105 (v-CH30) 
111 (6) 105 (p-CH30) 
2.5 Conclusions 
Ph,,, 0 1--?-cH, 
0--- t:i 
110 
Figure 1 
TableS 
Time (h) 
16 
35 
e.e. (%) Yield(%) 
58 88 
58 92 
Enantwmerically pure oxazohne hgands tethered to alcohols are readily prepared in one 
or two steps from commerc1ally ava1lable matenals. They show good catalytic activity 
and are effective m controlhng the enantloselectJVJty of d1ethylzinc add1t10n to aromatic 
aldehydes. 
The hgands 89,90 and 92 denved from (lS, 2S)-(+)-2-ammo-1, 3-propanedwl86, 
proved to be better catalysts m terms of stability, and the yield and enantloselectJVJty 
provided in the ethylation of aromatic aldehydes, m companson to subsequently 
prepared catalysts. 
Increasing the bulk of the tether alcohol results in d1m1mshed levels of asymmetnc 
mductJOn and lower y1elds, probably through the zmc chelate formation bemg stencally 
hindered. 
An optimum concentratiOn of catalyst (6 mol %) reqmred for effective reaction has 
been established Lower concentrations show d1mmished y1elds and asymmetnc 
mduction, whereas higher concentratiOns show no further Improvements. 
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Chapter Three 
Enantioselective Palladium Catalysed Allylic Substitution Reactions 
using Enantiomerically Pure Sulfur Containing Oxazoline Ligands 
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3.1 Introduction 
Palladium catalysed reactiOns are of particular Importance m synthetic organic 
chemistry, examples mclude Stille couphngs, 83 Heck reactiOns, 84 Wacker oxldatwn85 
and allyhc substitution reactwns.86 
Palladmm catalysed nucleoph!l1c substitutiOn of allyhc compounds 1s an established and 
versatile process wh1ch has found widespread use m organic synthesis. 87 In 1965, TsUJI 
et al reported on the stoichwmetnc reactiOn of 1t-allylpalladmm complexes w1th 
nucleoph!les,88 effecting an overall allyhc substitutiOn. The early 1970's saw the 
development of the process on a catalytic scale usmg a var1ety of nucleoph1les.89 
The process basically involves the reactiOn of palladmm (0) With an allylic substrate to 
form an 113-allylpalladmm complex. These behave as palladmm stabilised allyl catiOns 
which read1ly undergo reactiOn With various nucleoph!les to form new carbon-carbon or 
carbon-heteroatom bonds. The palladmm (0) catalyst is regenerated subsequent to 
nucleoph!llc add1t10n 
The asymmetric palladmm catalysed allyhc substitutiOn process starts from a racem1c 
allyhc component 111, wh1ch in the absence of enantwmencally pure hgands, forms the 
mtermedJate meso complex 112 w1th palladmm (0). At th1s pomt the nucleoph1le may 
attack at e1ther of the termm1 of the allyhc component, resulting in the enantwmers 113 
and 114 as shown m Scheme 34 The degree of enantiomenc ennchment 1s dependent 
up on the ab!l1ty of the enantiomencally pure ligand to promote attack at one termmus 
of the allyhc component preferentially to the other 
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Nuc 
OAc 
R~R 
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~ 
L, ,..L / Pd+ 
I PhnPh ............ 
Nuc 
R~R 
113 
Nuc 
R~R 
114 
112 
Scheme34 
Exploitation of this reaction as an enantioselective process has challenged organic 
cherrusts to develop efficient enantiomencally pure catalysts which can promote high 
levels of enantwmenc enrichment, and this IS currently an Important area of research. 
3.1.1 Range of Substrates and Nucleophiles 
While allylic acetates are the most popular substrates for the demonstration of this 
process, a range of leavmg groups will also functiOn effectively. These include 
hahdes,90 sulfones,91 carbonates,92 epox1des93 and phosphates.94 
The more commonly employed nucleophdes for the palladmm catalysed allyhc 
substitution reactiOn are the 'soft' stabilised carbanwns such as dimethyl malonate but 
under sUitable conditions, mtrogen based nucleophiles,95 sulfur nucleophiles,96 oxygen 
nucleophiles,97 phosphorus nucleophdes,98 and hydndes99 are among a wide range that 
have been successfully employed. 
3.1.2 Mechanistic Aspects of Stereochemistry 
Studies reported by Trost and co~workerslOO have Illustrated a net retention of 
' 
' 
stereochemistry when usmg 'soft'' nucleoph1les in the palladium catalysed allylic 
substitution process. This IS rationalised by two sequential mversion steps. firstly the 
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palladium displaces the leavmg group With mverswn. The second step mvolves 
nucleophilic attack from the exo face, With mversion (Scheme 35). 
C02 Me ~ mverswn 
UOAc 
C02Me 
6 mversion . ,.. 
PdL2 
overall retention 
Scheme35 
However, not all nucleoph1les afford overall retention of stereocherrustry_IOI 
3.1.3 Enantiomerically Pure Ligands for Palladium Catalysed Ally lie Substitution 
Reactions 
In 1973, Trost and Dletschel02 reported that the stmchwmetnc reaction of a palladmm 
allyl chlonde d1mer 115 w1th the sodmm salt of dimethyl malonate and the 
enantiomencally pure phosphine hgand (+)-DIOP, afforded the substitution product 116 
w1th 23% e e , as shown m Scheme 36 
Me~Me ~ (+)-DIOP 
~ NaCH(C02CH3)z 
2 
115 
Scheme36 
Me~Me 
CH(C02CH3h 
116 
The first reported example of a catalytic asymmetric palladium catalysed allyhc 
substitution was the conversiOn of racem1c allyhc acetate 117 to the enantiomerically 
ennched product 118 with 46% e e., (Scheme 37). 
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10% (+)-DIOP 
NaCH(C02CH3h 
Scheme37 
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Hayash1 and eo-workers achieved excellent levels of enantioselectivity when usmg 
chiral ferrocenylphosphine hgands for the palladiUm catalysed asymmetric alkylatiOn 103 
and aminationl04 of racemic I, 3-disubsl!tuted allyl acetates. For the reactiOn of I, 3-
diphenyl-3-acetoxy-1-propene 28 with sodmm acetylacetonate, 120 afforded the product 
119 With the highest level of enantwselectlVlty and in quanl!tal!ve yield, (Scheme 38) 
OAc 
Ph~ Ph 
28 
HCH3 -::~ 
;(~e-x \_~-PPh2 
~ PPh 2 
NaCH(COMe)2 THF, 40 oc CH(COMeh 
-[-(1t_.C_
3
_H-
5
)-Pd_C_I]_
2
__. Ph~ Ph 
119 
-cOH 90% ee. X= MeN 120 97% yield OH 
t--OH 
X= N 121 81%ee 
\--OH 86% yield 
MeN~OH 71%ee X= 122 86% yield 
Scheme38 
Smce these Imlial reports, a vast number of hgands have been developed for palladiUm 
catalysed ally he substitutiOn reactions. The followmg brief discussion will 
highlight some of the more recent and most effective hgands that have been prepared. 
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Togni has reported the preparation and use of the ferrocenyldiphosphme ligand 123 for 
the asymmetric alkylation of allyiic acetates usmg dimethyl malonate, achievmg up to 
93% ee.105 
Wills and eo-workers have reported the development and successful applicatiOn of the 
monodentate phosphorus ligand 124 for the asymmetnc alkylation process, achievmg 
>91% e.e., under optimised conditions.106 
123 
93% e.e. 91.5% e.e. 
The readily accessibility of the Cz-symmetnc bis(azmdme) 33 for palladium catalysed 
ally lie substitution reactiOns has been descnbed by Tanner and eo-workers 24 In the 
nucleophilic addition of dimethyl malonate to the allyiic acetate substrate 28, >99% 
enantwmeric excess was achieved for the alkylated product 125 (Scheme 39). 
OAc 
Ph~ Ph 
28 
6mol% 33 
Scheme39 
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In 1993, Koga et al reported on the Cz-symmetnc chiral d1amme ligand 126 bemg 
effective for the palladmm catalysed process, ach1evmg the alkylation product in 91% 
e.e. and 98% yield.107 A more recent report lOS by this group descnbes the preparation 
of the b1dentate nitrogen-phosphorus hgands 127 and 128, and their application to the 
same process. The authors propose that the chiral env1ronment created by the naphthyl 
rings IS responsible for the h1gh levels of asymmetric induction achieved (>93% e e.). 
n=2 128 
Enantlomencally pure acetals denved from Cz-symmetric dwls have been examined 
as hgands for asymmetnc palladmm catalysed alkylatwns by Frost and W1lhams 28 
Although the d1phenyl acetals achieved h1gher levels of asymmetric mduction than theu 
d1methyl counterparts, presumably due to steric factors, the effectiveness of hgands 129 
- 131 for this process IS reflected m the h1gh levels of enantiomenc enrichment 
ach1eved, (up to 88% e e.). 
R=SPh, 129 
R=PPh2, 130 Ph Me 
Independent stud1es by the W!lhams,70c Pfaltz70d and Helmchen70e groups have 
shown that palladium complexes with the chiral phosphmo-oxazoline hgands 132 - 135 
are very effective catalysts for enantioselectlve allyhc alkylatwn, achieving 125 m 
>96% e.e. Pfaltb aAEi H~lmslu:A lla>•e alsg I'eflQI:t~d QA tile palladmm satalysed allylk 
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e:e. Pfaltz and Helmchen have also reported on the palladmm catalysed allyltc 
ammation 109 of 28 w1th p-toluenesulfonamide, usmg hgands 133 and 135, achieving 
136 with excellent levels of enantwmenc excess (up to 97% e.e.), (Scheme 40) 
OAc / Ph~ Ph 
28 ~ NHTs PPh 2 Ph~ Ph 
136 
Scheme40 
R 
R='Pr,132 
R=Ph,133 
R=CH2Ph, 134 
R='Bu,135 
Usmg the QUINAP ligand 35, Brown et a[llO have achieved up to 78% e.e. in the 
asymmetric nucleophilic addltlon of dimethyl malonate to I, 3-dlphenyl-3-acetoxy-1-
propene28. 
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3.2 Ligand Design 
With our contmumg interest of employmg enantiomencally pure oxazoline hgands for 
catalytic reactiOns, our concern now was w1th the design and preparation of such ligands 
wh1ch would explOit the stereochemistry-controlling properties of the oxazoltne moiety, 
whilst mcorporatmg a secondary donor atom, for palladium catalysed allyhc 
substitution reactions (Figure 2). 
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Auxzllary Donor 
Ligand 
R 
Figure2 
Stereochemistry-controlling 
Oxazoline Moiety 
The secondary donor atom could be tatlored to the catalytic system to provtde: 
I. Modifted bmdmg properties 
2. Different steric environment 
3. Non-equivalent electromc behaviOur of the donor atoms. 
Whtle we expressed an mterest m the ftrst two points, for the purpose of thts project, the 
emphasis was on the thtrd point 
The work of Akermark, Vitagliano and eo-workers has demonstrated that the nature of 
the ligand employed m palladmm catalysed ally he substitutiOn reactions has a 
significant effect on the rate of reaction and also on the control of regwselectivtty of the 
reactwn.III They suggest that the electromc effects in a ligand could be explOited to 
control the approach of an mcommg nucleophtle. They have also demonstrated that the 
reactivity of the allylpalladium complex IS dependent upon the nature of the ltgands co-
ordinated to tt. 
In studying the '1]3-(3-methyl-butenyl)palladmm (ll) system, It appears that strongly 1t-
accepting ligands, such as phosphines, produce reactive complexes whtch react 
preferentially at the more substituted terrrunus and dtsplay large 13C NMR downfteld 
shtfts for thts terminus. On the other hand, donor ltgands, such as pyridines, gtve less 
reactive spectes which react preferentially at the less substituted termmus. The 13C 
NMR downfield shifts for these complexes are small, as ts also true for the shift 
dtfference between the two '1]3-allyl termmi 
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Thus, for the complexes 137 and 138 m whtch a btdentate phosphorus-mtrogen hgand ts 
used a dramatic effect is observed. Ltgands contaming two dtfferent donor atoms are 
able to impart an electromc dtstortwn upon the allyl mmety in the mtermedtate 
allylpalladmm complex. These complexes demonstrate the abthty of the phosphine to 
withdraw electron denstty from the position trans to Itself. 
By exammation of the 13C NMR spectra, the C3 carbon of the allyl umt has a tendency 
to appear downfield to the C 1 carbon. When the phosphorus is trans to the C3 position, 
a substantial C3-C 1 shtft difference ts observed (78 ppm), since the 1t-acceptmg 
phosphine hgand IS able to Withdraw electron denstty from thts position and so the 
signal due to C3 IS able to move even further downfield. However, when the mtrogen is 
trans to the c3 pOSitiOn the C3-Cl shtft dtfference is dramatically reduced to 8 ppm. 
Thts phenomenon ts referred to as the 'trans influence' theory. 
Although both the phosphme and the nitrogen can act as a-donors, only the phosphorus 
can function as a 1t-acceptor, hence the dramatic change m shtft dtfference values 
Therefore, desptte stenc constramts, nucleophthc addttion to complex 137 occurs 
mamly at the C3 position. 
Our mtentwn was to explmt these effects and to produce a hgand whtch contamed two 
dtfferent donor atoms, only one of which could behave as an-acceptor. 
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3.3 Preparation of Sulfur containing Enantiomerically Pure Oxazoline Ligands 
Using the oxazohne moiety as the basis of our hgand, the mtrogen atom of the 
oxazolme nng was the pnmary donor We chose to incorporate sulfur as then:-
acceptmg secondary donor atom at the 2-position of the oxazohne Simultaneous to 
mcorporatmg a secondary donor atom, we introduced a further electronic effect whilst 
mcorporatmg a steric factor Thus, the sulfur was attached as an aryl sulfide, w1th the 
aryl ring carrying substituents of varymg electromc nature and in e1ther ortho or para 
positions. 
In addmg these stenc and electromc factors, we could determme the extent to wh1ch 
these substltuents would affect format1on of the allylpalladmm complex. 
It has already been noted that sulfur contammg oxazoline hgands are of lower reactivity 
when compared to their phosphorus counterparts. 70 The effect of the electromc nature 
and the position of the substituent on the aryl ring was to be observed With respect to the 
reactiVIty of the hgand and the levels of enantwmenc enrichment achieved, and 
compared to other sulfur and phosphorus contammg Iigands previOusly employed 
The enantiomerically pure oxazohne hgands 148- 154 were prepared m two steps from 
mexpensive, commercially avmlable startmg materials, as shown m Scheme 41. 
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The appropriate sodmm thwlate was prepared m sltu by reaction of the correspondmg 
thiol with sodium hydride, m THF at 0 oc . Disappearance of the ongmal dense white 
precipitate to a clear solution, after approximately 30 mmutes, indicated formation of 
the thiolate. After warmmg to room temperature, o-fluorobenzomtnle was added and 
the reactwn mixture was heated under reflux until TLC analysis (petroleum ether : 
diethyl ether, 3:1) mdicated completiOn of reaction Aqueous work up and punfication 
by flash column chromatography yielded the demed sulfides 139- 145 as crystallme 
solids (Scheme 42). 
~ yeN 
THF S V 
OCCN reflux I--F 
R 139- 145 
Scheme42 
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The sulfide 145 was prepared m two steps since N, N-dimethylammothiophenol147 IS 
not commercially available. Thus, reaction of p-aminothiOphenol146 With aqueous 
formaldehyde and sodmm cyanoborohydnde m the presence of zmc (II) chloride 
afforded the desired th10l m 34% yield, as depicted m Scheme 43 Subsequent reaction 
With o-fluorobenzonitnle yielded the reqmred sulfide 145 
37-40% aqueous formaldehyde 
NaCNBH3 , ZnC1 2 
MeOH 
34% 
Scheme43 
HS~ 
~N(CH3h 
147 
The sulfides 139- 145 were obtained in good to excellent yield as outhned m Table 9. 
Table9 
Sulfide Substituent : R Yield(%) 
139 H 82 
140 o-CH3- 74 
141 p-CH3- 75 
142 o-CH30- 80 
143 p-CH30- 86 
144 o-CH302C- 48 
145 p-(CH3)2N- 60 
The sulf1des were all satlsfactonly characterised. ExaminatiOn of the infra-red spectra 
revealed the band at -2250 cm-! due to the mtnle and the disappearance of the weak SH 
stretchmg band at -2560 cm-1. The mass spectra complemented this mformat10n, m all 
cases revealing the expected molecular Ion 
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Evidence m the mass spectrum, from the observed signal at m/z 304, Indicates 
dimensatiOn of 147. Hence, 147 was prepared Immediately pnor to use. 
As a general rule, nucleophilic substitutions normally proceed too slowly at an aromatic 
carbon to be feasible,II2 There are, however, some exceptions to this statement. For 
the reaction of mterest, It is noted that when an electron-withdrawing substituent hes 
ortho or para to the leaving group the reaction will be successful. Generally for 
nucleophiliC aromatic substitution, fluondes are most reactive. Consequently, 
o-fluorobenzonitnle IS a suitable substrate The reaction probably occurs via an SNAr 
mechanism. 
In a similar manner to the procedure outlmed m Chapter 2, the sulfides 139- 145 were 
converted to the correspondmg oxazolines 148 - 154 by reaction with enantiomencally 
pure vahnol 98 m refluxing chlorobenzene and m the presence of a catalytic amount of 
zinc (II) chloride, as shown in Scheme 44 
(") yeN 
fYS 
Uy~ 
R 139- 145 
L-vahnol 98 
cat. ZnCI2 
chlorobenzene 
reflux 
Scheme44 
vs 
'Pr 
R 148-154 
Removal of the solvent under reduced pressure followed by punfication by flash 
column chromatography yielded the desued oxazolmes 148- 154 m moderate to 
excellent yield (Table 10). 
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Table 10 
Ligand Substituent: R Yield(%) 
148 H 41 
149 o-CH3- 57 
150 p-CH3- 88 
151 o-CH30- 59 
152 p-CH30- 54 
153 o-NC- 53 
154 p-(CH3)2N- 80 
In the reaction of 144 wtth L-valinol98 we achteved unexpected oxazoline formation at 
the ester centre as opposed to the nitnle centre, resultmg m the formatiOn of 153 and not 
the expected 155, (Scheme 45). 
~eN/ 
C(,CH, ~ 
144 
Scheme45 
CCs CN 
The crystallographic structure for 150 is gtven m Figure 3. 
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'Pr 
153 
X -ray crystal structure for 150 
Figure3 
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Ligand 156 was prepared by an alternative procedure. Ini!lal attempts to prepare 156 by 
the procedure outlined above fa1led, hence an alterna!lve route was sought. The failure 
ofthis reaction 1s believed to he in the unreactivity of the deprotonated thwl157. 
Removal of the thiol proton and subsequent resonance stabilisation through the aromatic 
system of the anion results in its unreac!lv1ty w1th the o-fluorobenzonitnle, and 
therefore the mab1hty to form the mtnle 158, (Scheme 46). 
l.NaH 
X 
157 
Scheme46 
The oxazoline 156 was prepared by deprotonatwn of the thwl159 with sodium hydnde 
m THF at 0 °C. After warrrung to room temperature, trea!lnent of the thwlate w1th p-
fluoronitrobenzene 160 in refluxing THF achieved the desired product 156 m 66% 
y1eld, as shown m Scheme 47. 
160 
l.NaH, THF 
2. reflux 
Scheme47 
The thiol159 was obtained usmg either of two procedures : 
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In the fmt procedure reaction of benzonitrile 161 With valinol 98 m refluxmg 
chlorobenzene and catalytic zmc (II) chlonde affords oxazoline 162 m good yield 
(Scheme 48). 
()CN HO 0-<),,~, H,t) .. ,,, cat ZnC1 2 + ~ ClC6H5 
reflux 
161 98 73% 162 
Scheme48 
Thwl159 was formed from 2-phenyl(oxazohne) 162 as outlined in Scheme 49 The 
ortho-hthiatiOn of 162 was achieved by treatment with n-butylhthmm and TMEDA in 
diethyl ether at -50 °C for two hours, as descnbed by Pfaltz et a[?Od After this time, 
elemental sulfur was added and the reaction allowed to warm to room temperature 
overnight (-12 hours). Aqueous work up and purification by flash column 
chromatography afforded the product 159 m 76% yield. 
1. n-BuLi, TMEDA 
0-<),, ---:--:0-8-
76% 
162 
Scheme49 
~:1,.~ 
SH 
159 
The second procedure mvolves the use of the oxazohne 163, which was readily 
available withm the group.ll3 2-(2-Methylthio)phenyl-1,3-oxazolme 163 was treated 
with mCPBA in chloroform at 0 oc for I hour. After warming to room temperature, 
Ca(OHh was added and stlrnng contmued for a further 15 mmutes. The reaction 
mixture was filtered and the solvent removed under reduced pressure The residue was 
not punfied and was used directly m the next step 
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The residue was heated under reflux w1th TFAA for 30 minutes. Excess TFAA was 
removed under reduced pressure and the residue dissolved in methanol : tnethylamme 
(1: 1). Subsequent removal of the solvents followed by aqueous work up and 
punficat10n by column chromatography y1elded the thwl159 as a yellow solid, in 80% 
y1eld (Scheme 50). 
O I. mCPBA, CHC13, 
Q-<N1,,_ 2~:~, 
SCH3 
163 
l.TFAA 
2.MeOHEt3N 
80% 
~)~,~ 
SH 
159 
Scheme 50 
In all cases, the oxazohnes 148- 154, 156, 159 and 162 were smtably charactensed. I H 
NMR shows the charactenstic splitting pattern assoc1ated w1th the oxazohne rmg 
protons. In the formatiOn of 159 from 163, there 1s the noticable disappearance of the 
smglet due to SCH3 Further confirmation of oxazoline formation 1s revealed m the 
mfra-red spectra, where a C=N stretching band at -1650 cm· I IS observed. 
3.4 Results for the Palladium Catalysed Ally lie Subtitution Reaction using 
Enantiomerically Pure Sulfur Containing Oxazoline Ligands 
W 1th a favourable ligand synthesis in hand, we investigated the suitability of the 
enantiomencally pure sulfur contaimng oxazolines for the asymmetnc palladium 
catalysed allylic substitution reactwn.ll4 
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We chose to focus on reactiOns which proceed through a meso 113-allyl mtermediate. 
By smtable ch01ce of startmg allyl acetate, the 113-allyl moiety Will be symmetncal. 
Asymmetnc m ducti on w1ll be ach1eved 1f the mcommg nucleophile can be directed 
selectively to one temunus of the allyl group. Thus, the allylic acetate 28 was prepared 
m two steps as shown in Scheme 51. Cerium (ill) chloride heptahydrate was used w1th 
sod1um borohydnde for the regioselectlve I, 2-reductwn of chalcone 164 to the allylic 
alcoholl65, accordmg to the method descnbed by Gemal and Luche 115 Treatment of 
165 With an excess of acetic anhydnde and a catalytic amount of DMAP, in pyndme 
furnishes the des1red allylic acetate 28 m excellent y1eld 
0 CeCI 3.7H20 OH Ac 20 OAc 
PhNlPh 
NaBH 4 Ph~ Ph DMAP Ph~ Ph MeOH C6H5N 
97% 83% 
164 165 28 
Scheme 51 
Enantioselective palladmm catalysed allyhc substitutions were performed as detailed in 
Scheme 52 
OAc 
Ph~ Ph 
28 10 mol % Ligand I mol % NaOAc 
BSA, CH2CI2, 20 oc 
Scheme 52 
125 
The palladium catalyst was formed m situ by pre-m1xing the palladmm chlonde d1mer 
(2 5 mol%) with the ligand (10 mol%) for 10 mmutes at room temperature. Usmg the 
method reported by Trost,ll6 treatment of the allyhc acetate 28 With an excess of 
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dimethyl malonate and BSA m the presence of the palladium catalyst and a catalytic 
amount of sodium acetate, m d1chloromethane at room temperature, yielded the 
enantwmencally enriched product 125. TLC analysis (petroleum ether : diethyl ether, 
3:1) indicated completiOn of reaction. The product was Isolated after aqueous work up 
and purificatiOn by flash column chromatography. The substitution product 125 was 
Isolated in all cases ennched m the (S)-enantiomer as determined by companson of the 
optical rotation With literature values 
The enantwmenc excess of the Isolated product 125 was determmed by chiral shift I H 
NMR experiments. The enantwmerically pure lanthanide shift reagent, Eu(hfc)3, was 
employed. 
The lanthamde complexes With each of the enantwmers of the substrate, formmg 
d1astereomers. A rapid eqmlibnum occurs between the complexed and uncomplexed 
substrate; NMR records an averagmg of the Signals. For diastereomenc complexes 
possessmg different chemical shift values, the peak mtegrals can be used to measure the 
ratiO of one enantiomer to the other. 
The shift expenment is performed by prepanng a solutiOn of the substrate m CDCl3. 
Excellent resolutiOn IS obtained when the amount of substrate used IS no more than 2 
mg. The shift reagent IS added as a solid. InvestigatiOns revealed that to achieve 
baseline separation of the signals, an appropriate amount of lanthanide shift reagent to 
add is 0 5 mol eqmvalents 
Figure 4 shows baselme separatiOn of one of the methyl ester signals, where the ch1ral 
shift spectrum of the racemic mixture is compared with an enantwmencally ennched 
mixture. 
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Ligand 148 was used as the reference hgand smce tlus d1d not carry the steric or 
electromc effects of the nature of ligands 149 - 154 and 156. All yields and levels of 
enantiomeric ennchment ach1eved using 149- 154 and 156 were directly compared with 
those results from 148. 
~s 
~/ 
R 
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148 R=H 
149 R= o-CHr 
150 R=p-CHr 
151 R = o-OCHr 
152 R= p-OCH3-
153 R= o-NC-
154 R= p-(CH3hN-
156 R = p-02N-
It was expected that the electronic nature of the substltuents on the aromatic nng would 
influence the efficacy of the ligand. Our aim was to detennme the precise electronic 
(and steric) reqmrements of a ligand to achteve high levels of enantlomeric excess 
Thus, dependent up on the nature of the aryl substituent we could mampulate the extent 
of electromc dtstortton infltcted up on the allyl complex and consequently, mfluence the 
levels of enantloselecttvity observed . 
With the absence of electromc influences wtthm the reference ligand 148 we expected 
to observe a lower level of enantioselectlvtty compared to the other ligands smce tt was 
anticipated that 148 would not provtde as great an electronic distortiOn upon the allyl 
complex. Consequently, the reduction m extremes of electrophtlicity between the two 
carbon atoms of the allyl umt would render discnmmation between the two sttes of 
nucleophtlic attack more dtfficult, and result in dimmished levels of enantloselecttvtty. 
It was expected that electron-donatmg groups would enhance the abtlity of the sulfur to 
act as a cr-donor However, tt was anttctpated that the electron-wtthdrawmg 
substttuents would enhance the levels of enanttoselectiVlty. The abtlity of sulfur to act 
as a 1t-acceptor ts not wtdely documented and hence it is not known how the distmct 
electronic mfluence of the ligand affects any 1t-acceptor abtlity of the sulfur. 
All the ligands 148 - 154 and 156 were seen to provtde consistently high levels of 
asymmetnc mductwn, however, there are dramatic dtfferences in the observed 
conversions dependent upon the ligand employed, as shown on Table 11. All the 
complexes were found to m duce the (S)-configuratton of product. 
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Table 11 
Ligand Substituent : R e.e. (%) Conversion(%) 
148 H 89 36 
149 o-CH3- 88 41 
150 p-CH3- 93 69 
151 o-CH30- 92 44 
152 p-CH30- 91 71 
153 o-NC- 81 10 
154 p-(CH3)2N- 92 39 
156 p-01N- 87 16 
Despite changes m the nature of the aryl group, results mdiCate relatively small changes 
in enantioselectlVlty achieved (81 - 93% e e ). This effect may be explamed m that the 
aryl substltuent is too distant from the s1te of nucleophilic attack to have any detrimental 
effect upon the enantioselectlVltes observed. From the results presented 1t would appear 
that generally, the enantioselectivity IS lowered by ligands bearmg electron-w1thdrawmg 
groups in the ortho position of the aromatic ring. 
The observed difference m conversiOns may be explained by considering the steric and 
electronic effects Imposed upon the complex by the ligands employed. In cons1denng a 
steric effect, a ligand beanng an para substltuent achieves higher conversiOns than a 
ligand beanng a ortho substltuent (149 vs. 150, and 151 vs. 152). Models md1cate that 
an ortho substituent hmders formatiOn of the 1t-allylpalladmm complex, hence the lower 
observed conversiOns. Smce there IS an absence of stenc hinderance for ligands beanng 
para substltuents, higher rates of conversion are observed 
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In terms of electronics, those hgands beanng para electron-donating substituents will 
have some remote electronic effect such that electron dens1ty on the sulfur atom IS 
increased, allowmg stronger bindmg of the hgand w1th the 1t-allylpalladmm complex. 
The low conversiOn observed when using 156, wh1ch bears the para mtro group may be 
due to an electromc effect, smce steric arguments have been accounted for. In 
considering an electromc effect, it IS thought that the mtro group may mfluence the 
availab1hty of the electrons on the sulfur atom for complexation, such that the electron-
Withdrawmg effect of the mtro group reduces the ab1hty of the sulfur to co-ordmate w1th 
palladmm. As a result there IS a dramatic decrease in the conversion rate. 
It was noted when optlmising reaction conditions that generally, longer reactiOn times 
(>60 hours) resulted m Improved conversion rates Th1s was not unexpected smce the 
lower reactivity of sulfur hgands (as compared to their phosphorus counterparts) has 
been reported.70 
The effect of reaction concentratiOn was exammed w1th the a1m of further 1mprovmg the 
conversion rates. Increasmg the reactwn concentration, from 0.08M (as for results m 
Table 11) to 0 4M, a vast Improvement m the observed conversions resulted, as shown 
m Table 12. 
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Table 12 
Ligand Substituent : R e.e. (%) Conversion (%) 
148 H 92 >99 
149 o-CH3- 91 >99 
150 p-CH3- 92 >99 
151 o-CH30- 90 81 
152 p-CH30- 88 >99 
153 o-NC- 85 >99 
154 p-(CH3)2N- 92 96 
156 p-OzN- 87 60 
Increasing the concentratiOn appears to overcome the stenc effects observed at lower 
concentrations smce complexatwn more forcib!ly takes place. 
From these results, the oxazohnes 148- 154 and 156 are established as effective hgands 
for the enantioselective palladmm catalysed allyhc substitution reactiOn, achieving 
excellent levels of asymmetric mductwn. Disappomtmgly, the desired electromc effect 
we wished to create, with respect to enantiomenc ennchment, was not as effective as 
had been hoped. However, it has been shown that the electronic effect of the aryl 
substituent may m fact influence the reactivity of the ligand dunng formation of the 
palladmm complex, and subsequently affect the observed conversiOns. Reaction 
concentration has also been shown to be a contnbuting factor to conversiOn rates. 
Employing these hgands has reaffirmed the lower reactivity of sulfur contaming 
hgands, m comparison With their phosphorus analogues, up on exammation of 
optimised reactiOn times. 
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3.5 Asymmetric Induction of Allylic Substrates 
It IS assumed that the palladium catalysed reaction occurs vza one of two d1astereomenc 
allylpalladmm complexes as shown m Figure 5 
'M' Form 'W'Form 
166 167 
FigureS 
Since the (S)-configuratlon 1s predominant m the reactiOn product, 1t follows that the 
reaction may proceed selectively through complex 166 m wh1ch the nucleoph1le 
approaches cis to the better 1t-acceptor Alternatively, the reaction may proceed 
selectively through complex 167, whereby the nucleoph1le approaches trans to the 
better 1t-acceptor. Beanng in mmd the data presented in sectwn 3.2, m which the 
electronic aspects of the hgand employed for the palladium catalysed allylic substitution 
reaction are discussed, 1t would seem more probable that the nucleoph1le w1ll approach 
trans to the better 1t-acceptor. 
However, th1s approach contradicts any stenc arguments. Intmt1vely, 1t would be 
expected that the 'M' form complex 166 would be more sterically preferred over the 
'W' form complex 167, smce there is a d1sfavoured stenc interaction between the 4-
substttuent of the oxazoline ring and the allyl moiety, for complex 167. 
In order to ratwnal1se these observations, e1ther the trans1tton state IS more distorted 
than has been represented in Figure 5, or the two d1astereomeric allylpalladmm 
complexes are m rapid equthbnum, and the reactiOn proceeds through the less favoured, 
but poss1bly more reactive mtermed1ate 167. 
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Recent crystallograph1c data and NMR studies presented by the Helmchen group 117 
have identified the course of nucleoph1hc attack of dimethyl malonate with the 
dmstereomenc 7t-allyl complexes 168a and 168b, usmg enantiomencally pure 
phosphorus contammg oxazohne hgands These results along With our own 
observatiOns enable conclusions concerning the stereochemical course of allyhc 
substitution to be drawn. 
For the phosphmoaryloxazohnes employed, the X-ray crystal contained the 'W' form as 
represented in complex 168a, which is in contrast to intuitive expectatiOn. Further 
investigation established that 168a was more stable than 168b. 
168a 168b 
Scheme 53 
NMR investigatiOns revealed mterestmg results. The allylpalladium complex 168 
displays an 8 · I ratiO of the two species 168a and 168b at room temperature, 
respectively Th1s ratio was observed to mcrease upon lowenng of temperature. 
Conclusions drawn from these mvestlgatwns are that the two complexes are able to 
mterconvert via a Pd-C rotation mechanism which can proceed through the openmg of 
the weaker (longer) Pd-C3 bond (Scheme 53). 
The observed stereochemical outcome 1s consistent With the 'W' complex bemg the 
more reacl!ve conformer and nucleoph!hc additiOn occunng mamly trans to the better 
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1t-acceptor to afford predorrunantly the (S)-enantwmer of the alkylation product. A Side 
view representation of this complex IS depicted in Figure 6 and mdicates a notable 
absence of any steric mteractions between the 4-substituent on the oxazoline nng and 
the allyhc phenyl group. 
Nuc· 
Figure 6 
It is reasonable to assume that nucleophilic attack occurs at the mmor diastereomer (the 
'M' complex) to a certain extent. This would be expected to take place mainly trans to 
the phosphorus fumishmg the (R)-enantwmer of the alkylatiOn product. 
A recent report by Togni et a[l05 further confirms how the hgands rely upon an 
electromc disparity between the two donor atoms to direct nucleophilic addition. In 
their studies of enantiomerically pure ferrocenyldiphosphme ligands (c.f. 123) a 
decrease in enantioselectivity (66% e.e.) was observed when usmg ligands containing 
two electromcally similar phosphine fragments. This lies m contrast to the 
enantwselectivity observed (93% e e.) for a hgand contaming two electromcally distmct 
phosphme groups. 
Although there have been no X-ray or NMR studies performed With sulfur containmg 
oxazohne hgands, such as those used by ourselves, we have no evidence for their 
behaviour m the palladiUm catalysed reaction and any analogieS with the phosphine 
74 
analogues are purely speculation at present As previOusly menhoned, observatiOns by 
the W1lhams and Pfaltz groups have only concluded that while the sulfur contammg 
oxazohnes are of lower reactivity as compared to the phosphme analogues, the levels of 
asymmetnc mductlon remam unaffected 
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Chapter Four 
The Kinetic Resolution of Racemic Allylic Acetates using Hydrolytic 
Enzymes : The First Step of a Dynamic Resolution Process 
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4.1 Introduction 
Enzymes are popularly employed to effect kmetic resolutions of racemic mixtures. 
From the Viewpoint of the synthetic orgamc cheiTI!st, however, there IS a drawback wtth 
a kinetic resolution, smce the process will only furnish a max1mum of 50% yteld of 
desired product. Thus, w1th our continumg mterest in metal medtated asymmetnc 
catalysts, 1t was our mm to develop a novel system whtch mcorporated a transitwn metal 
catalyst m the presence of an enzyme to effect a dynamic resolutwn, resultmg m the 
quantitative conversion of a racemic mixture to one enantwmencally pure product. The 
objective resulted from a proposed reaction mechanism, outlined m Scheme 54, whtch 
mcorporates two processes m one reaction pot 
One process mvolves a kinetic resolutiOn of an allylic acetate to y1eld, at 50% 
conversion, 50% hydrolysed product and 50% unhydrolysed product. The second 
process reqmres re-racem1sation of the unhydrolysed product to regenerate racemtc 
starting matenal, thus, allowing the kinetic resolutiOn process to contmue until total 
consumption of racemic starting matenal has been achieved, resultmg m one 
enantwmencally pure product. 
OAc 
R~R 
hydrolase 
!1 
transitiOn metal 
catalysed re-racemisation 
X 
OAc 
R~R 
hydrolase 
Scheme 54 
77 
• 
OH 
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OH 
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The imtml aim was to define optimum conditions for performing Ianetic resolutions 
usmg racemic secondary allylic acetates as substrates This chapter aims to descnbe the 
methods and results of our Initial resolution studies Chapter Five discusses the 
application of a metal-enzyme system for a quantitative resolutiOn of racerruc allylic 
acetates to enantiomencally pure alcohols the transitwn metal-enzyme mediated 
dynamic resolution. 
4.1.1 Enzymes as Chiral Catalysts 
The abilities of enzymes to act as specific and chiral catalysts m synthetic orgamc 
chemistry has been recogmsed for many years. liS Until recently, applications of 
enzymes m synthesis have been relatively limited to a reasonably small number of large-
scale hydrolytic processes used m mdustry, and to a large number of small-scale 
syntheses of materials m research Changes in technology for the production of 
enzymes and for their stabiiisatiOn and mampulation now make these catalysts practical 
for wider use m large-scale synthetic organic cherrustry. Although the use of enzymes is 
bemg more Widely adopted, some apprehensiOn still remains amongst orgamc chemists 
with respect to the expenmental techmques mvolved. 
Enzymes are protems; they catalyse most biological reactions in vzvo. They also 
catalyse reactiOns mvolving natural and unnatural substrates in vitro. As catalysts the 
major characteristics possessed by enzymes are: 
(1) They accelerate the rates of reaction by lowenng the energy of activatiOn. 
(2) They are extremely versatile, catalysmg a broad range of reactions There IS an 
enzyme catalysed eqmvalent for most types of orgamc reactiOns. Some maJor 
exceptions are the Diels-Aider reaction, and also the Cope rearrangement, although other 
[3,3]-sigmatropic reactiOns, such as the Clrusen rearrangement are known.l 19 Enzyme 
mediated reactions take place under mild conditions, often at room temperature and 
close to neutral pH. 
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(3) Enzymes are very selective With respect to the structure and stereochennstry of the 
substrate and the product. These properties collectively constitute the specifie~ty120 of 
an enzyme and are 1ts most important feature for selective asymmetnc synthetic 
exploitatiOn. 
(4) They are subJect to regulation: that 1s, catalytic actlVIty may be strongly influenced 
by the concentration of substrates, products, or other spec1es present m solution 
The increasmg popularity of enzymes as catalysts in synthetic orgamc chemistry lies m 
their versatility, cheapness, broad substrate specif1city often with high selectlVIty, and 
the ability of different enzymes to be used together to effect multistep reaction 
sequences m a single reaction vessel. 
4.1.2 Kinetic Resolution 
Methods for the resolu!ion of racemic mixtures m elude formation of d1astereomers, 
chual recogmt10n, Sharpless kinetic resolu!ion of racemic allyhc alcohols, 121 and 
enzymalic kmelic resolution 122 The latter oplion IS the most appealmg for reasons 
prevwusly discussed, hence, this was the focus of our attenlion 
Kinetic resolutiOn may be defmed as the process m which one of the enantwmer 
constituents of a racem1c m1xture is more read1ly transformed mto a product than is the 
other (enan!Joselective reaction). Kmetic resolu!Jon occurs if kR i' ks and the reactiOn IS 
stopped at some stage between 0% and I 00% conversiOn. The 1deal situation is that m 
wh1ch only one enantwmer reacts, for example, R (kR >> ks), so that at 50% conversiOn 
a m1xture of 50% (S)-enantiomer and 50% (R)-product IS obtained, 123 as shown in 
Scheme 55 124 
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OAc HO..., H Acy 
PhACH3 
hydrolase 
PhxCHs 
+ 
50% 
Ph CH3 
conversiOn 169 170 
50% yield 50% yield 
Scheme 55 
4.1.3 Temperature and pH Dependence 
Generally as the temperature IS raised above physiological range (-37 °C), the m crease 
m thermal motion begins to disrupt the complex network of non-covalent bonds that 
hold the enzyme in It's three dimensiOnal conformatiOn. As the enzyme molecules 
unfold they lose the specific geometry of the active s1te and therefore their substrate 
specificity. If the temperature IS raised to high, the enzymes will completely denature 
and lose their activity entirely 
In a snmlar manner, varymg the pH of an enzymic reaction may alter the conformatiOn 
and/or the Jomsation status of the enzyme. The new conformation and charge 
d1stnbution may not correspond to the active enzyme and may alter substrate specifiCity 
4.1.4 The Induced-Fit Theory and Enzyme Specificity 
The region of the enzyme where catalysis occurs is termed the active site. These sites 
are capable of bmdmg to specific substrates. For many years the 'lock-and-key' 
hypothesis was used to descnbe enzyme spec1ficity. However, this theory mferred the 
enzyme possessed a ng1d active stte cavity and d1d not account for any conformatiOnal 
changes which occur when the substrate bmds With the enzyme In 1958, Koshland 
mtroduced the 'mduced-fit' theory which suggests that the structure of the substrate may 
be complementary to that of the active site m the enzyme-substrate complex, but not the 
free enzyme: a conformatiOnal change occurs m the enzyme during the bmdmg of the 
substrate. The 'induced-fit' theory essentially reqmres the active s1te to be flexible and 
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the substrate to be ngtd, allowing the enzyme to wrap Itself around the substrate, m this 
way bnnging together the catalytic sites and reactmg groups. 
Thus, enzyme spectfictty IS termed the degree to whtch enzymes dtscnmmate between 
structural and stereochemical features of the1r substrates. The most useful enzymes for 
orgamc synthesis applications are those which accept a broad structural range of 
substrates, while retammg the abtlity to operate stereoselecttvely on each. 
4.1.5 Resolution of Racemic Mixtures via Enzyme Caflllysis in Aqueous and Organic 
Solvents 
Enzymes are excellent catalysts m an aqueous medium (i.e. physwlogtcal conditions). 
The reluctance of orgamc chemists to use enzymes as widely as they might stems from 
the perceived necessity to work wtth them m aqueous solutwns. However, recent 
reports have descnbed the capabilities of many (tf not all) enzymes m orgamc solvents 
contaming little or no added water.J25 An enzyme will dtsplay acceptable catalytic 
activity tf certam guidelines are followed : 
I) hydrophobtc solvents are preferable to hydrophtlic ones; 
2) enzyme powders are prepared from aqueous solutions at the pH optimal for 
enzymatic actlVlty; 
3) the enzyme particles should be sufficiently small and the1r suspensiOn 
should be contmuously agttated 
Despite the advantages, however, there are some dtsadvantages. When the reactiOn 
medmm is changed from water to orgamc solvent, the overall efficiency of the enzyme 
can change dramatically. Thts change m medmm can also affect stereoselectivtty The 
stability of enzymes m organic solvents depends on the hydrophobtctty of the solvent. 
In general, enzymes are more stable when suspended m non-polar solvents that have low 
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solubility in water than in polar solvents, or 1f they are used as an Immobilised 
preparatiOn. 
4.2 Kinetic Resolution of Racemic Allylic Acetates Using Hydrolytic Enzymes 
Ester hydrolases (esterases and IIpases) are h1ghly chemo-, reg10-, and enanuo-selectlve 
biocatalysts for the transformation of racemic and achiral substrates (esters) into theu 
enantwmencally pure compounds. There are numerous examples of the1r application in 
the preparatiOn of pharmaceuticals, includmg ~-adrenergic blockers, anti-depressants 
and ACE inhibitors 126 In addition to the charactensucs of enzymes previOusly 
described, hydrolases also Withstand vanble temperatures, they do not require eo-factors 
for actlVlty and readily tolerate organic media 127 In v1ew of theu convement 
accessibility and characteristics outlined, they are particularly well suited for synthetic 
applications. They catalyse both the hydrolysis and synthesis of esters through kinetic 
resolution processes, however, for the purposes of th1s proJect our mterests lie with the 
former transformatiOn. The abilities of a senes of IIpases and esterases for the 
hydrolysis of acetates, are bnefly discussed 
Lipases 
These are serine based hydrolases that catalyse the hydrolysis of lip1ds of fatty ac1ds and 
glycerol. 
Porcme Pancreatic Lipase (PPL) is commercially ava1lable, usually 1mpure, contammg 
other enzymes such as chymotrypsin and cholestrol esterase. The enzyme 1s generally 
more selective for esters of pnmary alcohols as opposed to secondary alcohols 128 The 
stereochemical outcome is generally dependent upon the preparation used. H1gh punty 
PPL shows high activ1ty towards esters of pnmary alcohols, while lower purity 
preparations exh1b1t h1gher levels of actlVlty towards esters of secondary alcohols 
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probably due to the presence of other enzymes such as cholesterol esterase. Active Site 
models for PPL have been proposed by Jones 129 
Pseudomonas sp. Lipase (PSL) IS highly selective for the hydrolysis of esters of 
secondary alcohols. They do not generally accept bulky substrates, preferrmg mstead 
open cham substrates With which they express exceptionally high levels of selectivity. 
Literature reports indicate that this lipase can hydrolyse a diverse range of ester 
substrates and it has been proposed that the enzyme possesses enough conformatiOnal 
flexibility to accomodate varying cham length substrates in the same active Site 130 All 
commercially available pure or crude preparatiOns of PSL possess a stereochemical 
preference for the (R)-conf1guratwn at the reaction centre for esters of secondary 
alcohols. 
The candida cylmdracea hpase (CCL) IS similar to PSL, however, it does accept the 
more bulky substrates. CCL IS probably the most commonly employed hpase for 
reactions perfomed m organic media 131 A simple active site model of CCL has been 
proposed 127 The enantioselectiVIty of CCL is influenced by orgamc solvents, showmg 
Improved levels of enantwselectiv1ty m hydrophobic solvents than m hydrophilic 
solvents. 
The mucor sp. hpase, for example mucor Javanicus, has recently been used m 
synthesis 132 The stereochemical preference is the same as that for PSL but opposite to 
that for PLE. 
The chromobacterium viscosum hpase has been successfully employed for the 
enantloselective resolutiOn of racemic hydroxy compounds and cyanohydnns.118c, 133 
Scheme 56 IS a representative example of the hpase hydrolysis with mesa allylic 
acetates.J24 
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Scheme 56 
Esterases 
Esterases generally have a broad range of specificity. This group mcludes some 
enzymes of comparatively low specificity, that IS to say, although they are specific for 
the ester link, they hydrolyse a large number of different esters, though not all at the 
same rate. Of the most common esterases used are porcme liver esterase and 
acetylcholine esterase. 
Porcme liver esterase (PLE) IS a serine based enzyme which exhibits high stability, low 
cost and broad substrate specificity.134 The commercially available PLE preparatiOns 
are mixtures of Isozymes. It has been demonstrated that the stereospecificities of each 
isozyme are vutually identical and for synthetic purposes PLE may be used as though It 
were a smgle enzyme.l35 Recently, Jones and eo-workers proposed a cubic active site 
model for PLE.136 
Acetylcholine Esterase (ACE) IS of similar character to PLE. It IS a serme based enzyme 
isolated from the electnc eel and IS avrulable from commercial sources relatively 
inexpensively. X-ray analysis has revealed the atomic structure of ACE and full 
identificatiOn of the active site has been descnbed 137 
Scheme 57 shows an example of the PLE hydrolysis of a diacetate.138 
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99%ee. 
Scheme 57 
CXOAc OAc 
4.3 Preparation of Sub strafes for Kinetic Resolution Studies using Hydrolytic 
Enzymes 
While racermc allylic acetates have previOusly found widespread use withm the group 
and to smt the constramts of this proJect, (the mechanistic reasomng of which will be 
discussed m Chapter 5) we prepared a senes of substrates possessmg the allyhc acetate 
mmety. 
Imt!ally, we chose to prepare the substrates 173 and 175, smce the startmg matenals 
were readily avrulable (Scheme 58). 
The substrate 173 was prepared in two steps. The regioselective I, 2-reduction of 171 
usmg cenum (Ill) chloride heptahydrate and sodmm borohydnde was achieved in a 
similar manner to that for 164 in Chapter 3 Exarmnatlon of the mfra-red spectrum 
revealed the loss of the C=O band at -1700 cm-1 and the appearance of an OH band at 
3336 cm-1. 
Treatment of 172 and 174 with an excess of acetic anhydnde and a catalytic amount of 
DMAP, m pyridme followed by copper (II) sulfate work up and punfication by flash 
column chromatography provided the reqmred allylic acetates 173 and 175 respectively, 
m excellent yield. Smtable characterisatiOn of 173 and 175 was obtained by comparison 
of NMR data with the reported literature values.139 
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Scheme 58 
The 2-substituted cyclohexenyl acetates 179 and 181 were prepared accordmg to 
literature procedures. 
Ketone 176 was treated with an excess of iodme in pyridme and carbon tetrachloride, 
according to the method descnbed by Johnson and co-workers.l40 Aqueous work up 
and crystallisatiOn (petroleum ether: dtethyl ether) afforded the iodo ketone 177 m good 
yteld (Scheme 59) NMR analysts mdtcated product formation by companson with the 
literature data. 
Regioselectlve 1, 2-reductton of 177 in the usual manner provided 178 in excellent 
yteld. Infra-red analysts revealed dtsappearance of the carbonyl band at -1700 cm-1, 
wtth the stmultaneous appearance of a broad OH band at 3367 cm-1. Subsequent 
acetylatiOn of 178 was performed usmg an excess of acetic anhydride in the presence of 
a catalytic amount of DMAP, in pyridine. Copper (IT) sulfate work up and purification 
by flash colunm chromatography afforded the demed allylic acetate 179 m good yield. 
I H NMR analysis of 179 conftrmed product formation wtth a three proton smglet at 2 12 
pp m 
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0 OH 
I2,C5H5N CY' NaBH4 &' CeC1 3 7Hz0 CC14 MeOH 
67% 89% 
176 177 178 
179 
Scheme 59 
The iodo alcohol178 was further used for the preparation of 181. ReactiOn of 178 With 
phenyl magnesmm bromide and in the presence of a tetrakis(tnphenylphosphme) 
palladmm (0) afforded the coupled product 180. Isolation, after aqueous work up and 
punfication by flash column chromatography, gave 180 m reasonable yield, as shown m 
Scheme60. 
The product 180 was smtably charactensed usmg NMR techniques. IH NMR revealed a 
five proton multiplet at 7 2 -7.5ppm correspondmg to the phenyl group The Be NMR 
spectrum displayed a large down field shift (-35 ppm) to 140 2 ppm assocmted With the 
C-2 positwn. 
OH OH OAc 
&' (Ph 3P) 4Pd (cat.) a~ Ac 20 &Ph PhMgBr cat. DMAP reflux C5H5N 
THF 78% 
178 58% 180 181 
Scheme60 
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Acetylation of 180 m the usual manner and subsequent copper (II) sulfate work up and 
punficat10n by flash column chromatography afforded the desued allyhc acetate 181 m 
excellent yield Charactensation of 181 usmg I H NMR analys1s revealed a 3 proton 
singlet, associated With the methyl ester, at 1.93 ppm. 
The cyanohydrin 183 was prepared by heatmg P-phenylcmnamaldehyde 182 w1th 
tnmethylsilyl cyanide m the absence of solvent, 141 for 6 hours, as shown m Scheme 61. 
Acid hydrolysis and purif1cat10n by flash column chromatography afforded 183 m 
excellent yield as confmned by infra-red analys1s, a new band bemg observed at 3420 
cm-1, correspondmg to OH. No band at -1700 cm-1 was observed. 
Acetylation of 183 m the usual manner and punficat10n by flash column 
chromatography afforded the product 184 m good yield IH NMR analys1s revealed a 
three proton singlet at 2.12 ppm due to the methyl ester. 
!TMSCN AczO 
Ph~O ~ PhyyCN cat DMAP PhyyCN 
C5H5N Ph 2.1MHC1 Ph OH Ph OAc 
182 96% 183 
85% 
184 
Scheme61 
In our effort to prepare a d1verse range of substrates for kmetic resolution investigations, 
we prepared 189 in 4 steps, as shown in Scheme 62. 
The ethoxyketone 186 was prepared according to the method descnbed by Frank and 
Hall.'42 Dimedone 185 was treated with absolute ethanol and p-toluenesulfonic ac1d, in 
toluene, under Dean-Stark cond1tions until TLC (petroleum ether: d1ethyl ether, I: 1) 
md1cated completiOn of reaction. Removal of excess solvent and d1stillat10n of the 
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residue under reduced pressure afforded the ethoxyketone 186 m excellent y1eld. Mass 
spectral analys1s revealed the expected molecular ion at m/z 168 
0~( Ab.EtOH m 'go I. LiAIH4, Etp 0~ p-TSA 2. 10% H 2S04 
reflux 86% 
PhCH3 
185 
NaBH4 
CeC! 3 7H 20 
MeOH 
68% 
95% 
HO~ 
188 
186 
Ac 2o AcO~ 
cat. DMAP 
C5H5N 
91% 
189 
Scheme62 
187 
L1thmm aluminium hydnde reduction of 186 was carried out accordmg to the method 
descnbed by Wawrzenczyk and LochynskJ.l43 Hydrolysis usmg 10% sulfuric ac1d 
followed by aqueous work up and distillation of the residue in vacuo afforded the allyhc 
ketone 187 m excellent y1eld, (Scheme 62). Companson of the NMR spectrum w1th the 
litera!Ure data confirmed formation of 187. 
The next two steps involve conversion of the allyllc ketone 187 to the corresponding 
alcohol188 and subsequent acetylatwn to y1eld the demed product 189. Usmg methods 
previOusly descnbed, each step proceeded m excellent y1eld The resultmg allylic acetate 
189 was suitably charactensed, mfra-red analys1s reveahng a band at 1733 cm· I 
associated with the ester. The mass spectrum complemented this mformation revealing 
the expected molecular 1on at mlz 168. 
The final substrate used m our mvestlgatwns was prepared in five steps from 3-
cyclohexene carboxylic ac1d 190, as shown m Scheme 63 
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Scheme 63 
Iodolactomsation of 3-cyclohexene carboxylic ac1d 190 was achieved accordmg to the 
method outlined by Sommer and eo-workers 144 Treatment of 190 w1th wdme in water 
and 0.5N sodium hydrogen carbonate overmght ( -12 hours) followed by aqueous work 
up and crystallisation (petroleum ether : ethanol) y1elded 191 in excellent y1eld. The 
observed meltmg pomt was comparable w1th the literature value. 
The iodolactone 191 was heated w1th DBU, in toluene, usmg the method descnbed by 
Yoshikosh1 and co-workers,145 until TLC analys1s (petroleum ether: d1ethyl ether, 1:1) 
md1cated completion of reactwn Excess solvent was removed under reduced pressure 
and the residue distilled in vacuo to afford the deS!fed product 192 m excellent yield 
Comparison of NMR data w1th the literature values confirmed the product identity. 
The methods descnbed by Yosh1koshi et a[l45 were employed for the next two steps: 
The lactone 192 was hydrolysed using sodmm hydroxide m a mmimal amount of water. 
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After approximately 3 hours the reactiOn m1xture was acidified to pH 5.0, the excess 
water was removed in vacuo and the residue punfied by flash column chromatography 
affording 193 in reasonable y1eld Infra-red analysis revealed the broad OH band at 
-3430 cm-1 and a band at -1700 cm-1 assocmted w1th the carboxylic acid. 
Treatment of the carboxylic ac1d 193 w1th a slight excess of diazomethane achieved the 
ester 194 m good yield, without the need for any punficatwn. Upon examinatiOn of the 
Be NMR spectrum, a s1gnal at 51 9 ppm was observed, due to the methyl ester. 
AcetylatiOn of 194 usmg the method descnbed earlier m Chapter 3 afforded the des1red 
ally lie acetate substrate 195 in good y1eld. Identity of product 195 was confirmed by 
companson of the I H NMR spectrum w1th the literature data 
4.4 Results for the Kinetic Resolution of Secondary Allylic Acetates 
With a series of ally he acetate substrates in hand, 1t was necessary to defme optimum 
kinetic resolution conditiOns for each substrate. We chose to use read1ly avrulable and 
relatively mexpens1ve enzymes from the maJOr commercial sources (Sigma and Fluka), 
although there are several other sources (at greater expense!). 
The kinetic resolutiOns were carried out as detailed in a general scheme, (Scheme 64) 
OAc 
R~R 
hydrolase 
37-40 °C, pH 7.0 
0.1 M phosphate buffer 
OAc 
R~R+ 
Scheme64 
OH 
R~R 
To a suspension of the ally lie acetate m runmomum d1hydrogen phosphate buffer (pH 
7.0), was added the enzyme (approximately, 400 umts per mmol of subtrate). The 
reaction miXture was warmed to 37 - 40 °C ( ml bath) and this temperature was 
mamtamed by use of a contact thermometer Upon additiOn of the enzyme, the pH of 
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the reactiOn mixture generally dropped below pH 7 .0. Thus, a !.OM solutiOn of sod mm 
hydroxide was used to re-adJust, and to mamtam the reaction solutiOn at pH 8 0 for the 
durat1on of the kmetic resolutiOn. GC analys1s was used to momtor the extent of 
conversiOn ofthe reaction. The products were isolated by extraction with diethyl ether 
and punficatwn by flash column chromatography. HPLC analysis was employed for 
e.e. determinatiOn of the products. 
Prehmmary investigations employed substrates 173 and 175, and the results of these 
kinetic resolutions are g1ven m Table 13. 
c5 
173 175 
Table 13 
Substrate Enzyme Rxntime Conversion Enantiomeric excess(%) 
(h) (%) Alcohol Acetate 
173 PLE 3 >80 0 0 
173 PSL 3 >98 0 0 
173 CCL 25 74 0 0 
175 PLE 5 50 0 0 
175 PSL 2.5 55 0 0 
The initial results were d1sappomting, each of the enzymes used y1elding only racemic 
products. However, there IS literature precedent for the observed lack of 
enantwselectivity, usmg similar substrates.'46 It IS hypothesised that the resolutiOns 
were ineffiCient since the two substituents at the stereocentre (CH2-CH2 vs CH(CH3)-
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CH2, for 173 and CH2-CH2 vs CH=CH, for 175) were snrular m size. The followmg 
brief discussiOn explams this phenomenon. 
Literature reports suggest that to Identify a suitable enzyme, It is usually sufficient to 
screen a few commercmlly avmlable hydrolases. If the m1tial screening IS unsuccessful 
m the identification of a smtable enzyme, then the next step is, unfortunately, not well 
defined. However, the more popular approach appears to be modification of the 
substrate. Such modifications have shown success, increased levels of enantioselectivity 
being observed With previOusly screened enzymes. Substrate modificatiOn mvolves 
altenng the substituents either close to or occasiOnally, remote from the stereocentre, or 
m some cases changmg from, for example, an acetate to a butyrate ester. 
The results of Ito et a[141 have shown that the secondary alcohols obtamed from the 
corresponding acetates were Isolated m large e e when the substltuents on the 
stereogenic carbon differed greatly in theu effective sizes 
Comprehensive studies by Kazlauskas and co-workers148 further suggest that hydrolases 
distingmsh between enantiomers based on the size of the substituents at the stereocentre, 
(Figure7) 
Figure7 
Thus, mcreasing the difference m size of the substltuents may aid the hydrolase m 
d1stingmshmg the enant10mers. 
As a result of our own and reported observations, we modified 175, such that 1t 
possessed either an iodo group (179) or a phenyl group (181) m the C-2 positiOn of the 
cyclohexene nng. 
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With 179 and 181 m hand we examined the abilities of several hydrolases to efficiently 
perform a kinetic resolution. The results are given m Tables 14 and 15 
The data presented m Table 14 indicates the applicability of two of the enzymes, PFL 
and PPL, for the effective resolution of 179 
Table 14 
Substrate Enzyme Rxntime Conversion Enantiomeric excess(%) 
(h) (%) Alcohol Acetate 
179 CCL 72 49 0 0 
179 PFL I 5 49 >99 91 
179 PPL 96 50 >95 ND 
179 ACE 12 50 0 0 
Also noted is the rapidity of resolution of 179 when using PFL as compared to the 
resolution of 181 (see Table 15) under the same conditiOns. Hence, this result was 
treated with some caution when accountmg for the mechamstic details of the proposed 
dynamic resolution reactiOn, (see Chapter 5). 
The effectiveness of PFL and ACE to efficiently resolve 181 is clearly displayed m 
Table 15. In both cases, the reactiOn ceased at 50% conversiOn and the related alcohol 
was obtained with excellent levels of enantwselectlVIty. 
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Table 15 
Substrate Enzyme Rxntime Conversion Enantiomeric excess (%) 
(h) (%) Alcohol Acetate 
181 CCL 72 100 0 0 
181 PFL 30 49 >95 80 
181 PLE 46a,b 69 53 ND 
181 ACE 18 50 95 75 
181 ACE 18a 50 82 71 
a reaction performed at pH 8 0 
b reactiOn performed m 0 !M ammonmm acetate solutiOn, pH 7 0 
From the results obtamed it is reasonable to define the optimum kmetic resolutiOn 
conditions as being those employmg either PFL or ACE, at either pH 7.0 or pH 8 0 and 
at 40 °C, for 181 
Further investigations usmg the optlmised conditiOns were earned out using O.IM 
ammonmm acetate buffer (pH 7 0) mstead of O.lM ammomum dihydrogen phosphate 
(pH 7 .0) as the solvent. There were no observed discrepancies between the levels of 
enantwselectivity achieved and the conversiOn rates, as compared to those results 
obtained when usmg O.lM ammomum dihydrogen phosphate buffer. 
All reactwns performed in O.lM ammomum acetate buffer (pH 7.0) or O.lM ammonium 
dihydrogen phosphate (pH 7 0), at 40 °C, were also re-run at room temperature, agam 
showing comparable results to those displayed m Table 15. 
With the success of the resolutiOns achieved for 179 and 181, m aqueous media, we 
investigated the smtabihty of orgamc solvent for such processes. Thus, employmg the 
standard experimental procedure outlmed earlier, but performmg the reactions at room 
temperature, we achieved contrastmg results, (Table 16), to those usmg aqueous media. 
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Four dtfferent solvent systems were employed based upon literature precedent125 · 
n-butanol/n-hexane, (I :4); dtethyl ether, n-hexane; and 3% acetone/O.OIM ammonium 
dthydrogen phosphate buffer. 
Substrate Enzyme 
179 PFU 
181 PFU 
181 PFU 
181 PFJ..a 
181 ACE• 
181 ccu 
181 PPLb 
181 PFLb 
a reacuon ume 21 days 
b reactiOn time : 4 days 
Table 16 
Solvent 
n-BuOH/n-Hexane (I 4) 
n-BuOH/n-Hexane (I 4) 
Et20 
n-Hexane 
n-BuOH/n-Hexane (14) 
n-Hexane 
3% acetone/0 OIM 
NJ4(H2)P04 
3% acetone/O.OIM 
Nf4(H2)P04 
Conversion E.e. (%) 
(%) Alcohol Acetate 
33 37 19 
<5 64 7 
11 30 0 
18 91 56 
29 0 0 
14 I 0 
24 60 68 
42 52 70 
PFL demonstrated tts effectiveness m n-hexane for the resolution of 181, yteldmg the 
alcohol in 91% e.e., unfortunately, however, wtth a low rate of conversiOn. PPL 
dtsplayed good levels of enantwselecttvity in aqueous solvent with 3% added acetone, 
yteldmg the corresponding alcohol of 181 m 60% e.e. Again, the reaction employmg 
PPL proceeded with a low conversion rate. 
The result displayed for PFL, usmg 3% acetone in aqueous media, shows a dramatic 
dtmimshing of enanttoselectiVlty, as compared to the levels observed using purely 
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aqueous media Since there IS a comparable conversion rate (42%, as compared to 49% 
using ammomum d1hydrogen phosphate buffer solution, ( c.f. Table 15)), It would 
appear that the acetone affects the specific1ty of the enzyme, resulting m the lower 
enantwselectlvity expressed m the alcohol 
For both 179 and 181, PPL proved to be entirely meffic1ent in all the orgamc solvents 
employed. ACE was totally meffectlve in diethyl ether and n-hexane, while CCL was 
unable to display any level of conversiOn m diethyl ether and n-butanoVn-hexane, (1:4) 
The results of this study prompted us to continue our mvestlgations using only aqueous 
media 
Although there are many reports in the literature for the lipase hydrolysis of cyano 
acetates, we were unable to Identify an enzyme which would effectively resolve 184 
PhyyCN 
Ph OAc 
184 
The enzymes CCL, PPL, PFL and ACE were all employed in ammomum acetate 
buffer solutiOn or 3% acetone/O.OlM ammomum d1hydrogen phosphate buffer solutiOn, 
at pH 8.0 and at room temperature or at 40 °C, for up to 3 weeks, to no avail. 
Two aspects inspired us to prepare a further substrate 189 for our kmetic resolutiOn 
studies. 
189 
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Ftrst was a variant on the modificatiOn of the substrate, such that the bulky substltuent IS 
now in the C-3' position of the cyclohexene nng, with respect to the stereocentre. It was 
anticipated that even though the dtmethy I group was slightly removed from the 
stereocentre, It would still aid the enzyme m distmgmshmg between the enantiomers, as 
previOusly discussed. Secondly, 189 was identified as a potential substrate for the 
dynarmc resolution smce It smted the reqmred cntena outlined for the proposed metal 
mediated process, hence, we were encouraged to mvestlgate the abthty of hydrolases to 
kinetically resolve 189. 
A further senes of hydrolases obtamed from commercial sources, were used for the 
kmeuc resolution of 189, (Table 17) All the reactions were performed at pH 8.0, at 
room temperature and m 0 IM ammonium acetate buffer, pH 7.0. Chiral GC analysts 
was used for e.e. determination of the alcohol188. Chiral shift I H NMR, usmg 
Eu(hfc)3, was employed for e.e. determmatwn of the acetate 189. 
Table 17 
Enzyme Rxntime Conversion Enantiomeric excess(%) 
(days) (%) Alcohol Acetate 
P.roquefoni 7 100 0 -
PFL 7 >95 0 -
Rhzzopus niveus 7 >95 0 -
CCL 7 >95 0 
-
C. viscosum 6 30 64 52 
PPL 6 NIY' - -
M.javamcus 6 30 0 0 
P roquefortl - Pemctllzum roquefortt, C vzscosum- Chromobactenum vrscosum, M Javamcus =Mucor 
)QVQnlCUS 
a uruden!Jfiable matenal recovered 
IsolatiOn of the corresponding alcohol revealed that only the hpase from 
chromobacterium viscosum displayed any level of success Unfortunately, both the 
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enantioselectivtty and the conversion rates were lower than would be hoped for, 
nevertheless the result was not dtsmtssed. It ts speculated that the alcohol was isolated 
in modest e.e. smce the substltuent was two carbon atoms removed from the 
stereocentre. 
With the limited success achieved to thts pomt, tt was decided to address the proJect 
from a dtfferent approach. Previously, we had attempted the kinetic resolution of a 
senes of allyhc acetates. However, at this stage we were unable to anticipate whether 
they would undergo racenusatwn m the presence of a transition metal catalyst. 
Ultimately, it was a reqmrement of the allyhc acetate that tt would racemtse under 
transitiOn metal mediated condttlons. Literature reports by Trost and co-workersl49 
brought to our attentiOn the ability of 195 to racemtse at the acetate centre, under metal 
medtated condtttons. 
Ao0, •• 0 _.co,... 
(+,-) 195 
Wtth the evtdence that 195 would undergo the metal mediated racemisatwn step of the 
two step process, ensumg potential dtfficulttes were ehminated and tt only remamed to 
identify a smtable enzyme for the kmetic resolution step, and subsequently to effect both 
steps m one process. 
All reactions were perfotmed at room temperature and at pH 8.0, m 0 IM ammomum 
acetate buffer solution Chiral GC analysts was used for e.e. detenmnation of the 
alcohol 194. Chtral shtft I H NMR, usmg Eu(hfc )3, was employed for e e deternunatwn 
of the acetate 195. 
The success of the kmeuc resolution studtes uttltzmg 195 are displayed m Table 18. 
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Table 18 
Enzyme Rxntime Conversion Enantiomeric excess(%) 
(days) (%) Alcohol Acetate 
P roquefortl 4 48 >95 93 
PFL 4 63 >95 100 
Rhizopus mveus 6 48 91 >95 
CCL 4 30 72 64 
C VISCOSUm 4 60 92 89 
PPL 6 100 0 -
M. ;avanicus 6 0 - -
Only the lipases from porcme pancreas and mucor ;avamcus proved inefficient for the 
kinetic resolutiOn of 195 With the success of the other enzymes employed for the 
kinetic resolutiOn of 195, we now had evidence for the ability of both process to proceed 
mdependently. It only remamed to demonstrate the ability of both processes to work 
mdependently of one another but in the same reaction vessel 
In the light of the results outlined m this chapter,179,181,189 and 195 were further 
investigated for their abilities to engage in the dynamic resolution process (Chapter 5). 
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Chapter Five 
Palladium - Enzyme Catalysed Dynamic Resolution of Racemic Allylic 
Acetates 
101 
S.llntroduction 
Scheme 54 (Chapter 4) outlines the obJective of a dynamic resolution. Having 
successfully achieved the effectlve kinetlc resolution of allylic acetates 179,181,189 
and 195, usmg a senes of hydrolyllc enzymes, it remamed to subject these substrates to 
the metal medmted racemisation process. It has been reported that Pd (II) and Hg (11) 
salts are the most versatile of metal catalysts for 1mplementmg such a 
transformatlon.l50 Smce our mterests lay with palladmm catalysed processes, our 
mchnation was to contmue m this manner, hence palladmm salts were the catalyst of 
choice for the racemJsatiOn step. 
For the palladmm catalysed chellllstry, it was a requirement that the substrate was an 
allyhc acetate, although other smtable substrates would be the correspondmg butyrates, 
benzoates etc, or an allylic carboxylate It was antlcipated that the allyhc acetate 
substrates prepared, as descnbed m Chapter 4, would smtably partake m the palladmm 
catalysed racemisation. 
5.2 Mechanistic Aspects of the Racemisation of Allylic Acetates via Palladium 
Catalysis 
(a) Racemisatwn by a [3,3]-szgmatropic rearrangement using Pd (Il) catalysis 150 
Palladmm (II) salts effectively catalyse a vanety of [3,3]-sigmatropic rearrangements, 
under extremely mild conditions (neutral pH and at, or near, room temperature). In 
cons1denng this process it is Important to stress that the mechanism for the racemisation 
of the allyhc acetates will not be able to occur m the product alcohol. 
The palladmm catalysed rearrangement of 196 to 197 via 198, by a [3,3]-sigmatropiC 
reactiOn IS depicted m Scheme 65. The alcohol IS unable to participate in the [3,3]-
sigmatropic shift, and hence the stereochemical integnty of the product IS preserved 
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Scheme65 
It is suggested that the most convement method for eqmlibrating allyhc esters is to use 
palladmm (11) chloride complexes of acetomtnle or benzomtnle. 
(b) Racemisation via ally/palladium intermediates using Pd (0) catalyszs 87, 151 
Using substrate 181 as an example, co-ordmation of palladium (0) With the alkene 
affords an mtermediate 113-aiJyl complex 199, as shown in Scheme 66. Nucleophilic 
attack of the acetate may occur at either the a or y positions, resulting in the 
enantwmers 200 and 201. 
(t~ Pd (0) ~ol) 
200 P.h 201 
via L,Pt) a~ r 
199 
Scheme66 
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Expulsion of the acetate occurs from the opposite face to palladmm. Attack of the 
nucleophile, also from the opposite face to palladiUm leads to a net retention of 
configuratiOn, however, the position of nucleophilic attack is not necessarily the 
ongmal location of the acetate. 
5.3 Results for the Palladium • Enzyme Catalysed Dynamic Resolution Reaction 
With the kmetic resolutiOn studies in hand, we needed to demonstrate the ability of both 
reactiOns to proceed mdependently of one another, m one reaction vessel, m order to 
accomplish the dynamic resolution reactiOn. 
With the aim of quantitative conversion of a racemic allyhc acetate 202 to the 
correspondmg enantiomencally pure alcohol 203, the potentiality of a dynamic 
resolution process was mvestigated, as detmled m Scheme 67. 
OAc 
R~R 
202 
racenuc 
lipase 
5 mol% Pd(CH3CN)2Cl2 
0 IMNH40Ac 
pH 8 0, r.t. 
(100% conversion ?J 
Scheme67 
OH 
R~R 
203 
enantwmerically 
enriched 
To a suspensiOn of allyhc acetate m 0 !M ammomum acetate buffer (pH 7.0), at room 
temperature, was added the lipase, (approximately, 400 umts per mmol of substrate) and 
bis(acetomtnle) palladmm (ID chlonde (5 mol%). Upon addition of the enzyme and 
the palladmm (11) catalyst, the pH of the reactiOn mixture dropped below pH 7.0 A 
!.OM solution of sodmm hydroxide was used to re-adJUSt and mmntam the reactiOn 
nuxture at pH 8.0 for the duration of the reaction The reactiOn was momtored by TLC 
analysis (petroleum ether: diethyl ether, 1: 1). 
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Studies were carried out to determme the optimum amount of palladmm (II) catalyst for 
the dynamic resolutiOn. Reactwns did not occur and umdent1f1able material was 
obtained when the dynamic resolutiOn was conducted m the presence of more than 5 
mol % of catalyst. Th1s would suggest that the Iipases will only tolerate a limited 
amount of palladmm m the reaction vessel. 
In exammmg the ab1hty of the allylic acetates to undergo a dynamic resolution, our 
pnmary concern now was w1th the percentage y1elds and levels of enantloselectlvlty 
attained for the correspondmg alcohols. For the dynamic resolutiOn to be successful the 
observed y1eld for each alcohol will exceed 50% while retaining the h1gh levels of 
enantwselect1v1ty accomplished in the kmet1c resolution process 
Initial dynarmc resolutwn studies were accomphshed utlhzmg the 2-substituted 
cyclohexenyl acetate substrates 179 and 181. Smce only the enzymes PFL and ACE 
displayed the effective kmetlc resolutwn of 179 and 181, 1t was only these enzymes that 
were employed for the dynamic resolution process, for these particular substrates 
179 181 
Unfortunately, the 10do acetate 179 d1d not display any level of success w1th either 
lipase, m the dynamic resolutiOn. This result may stem from the fact that the kinetic 
resolution of this substrate was faclle (1.5 hours). Since the palladmm racemisation 
process appears to be the rate-hmitmg step, it is reasonable to conclude that for the 
process to be successful, the kinetic resolutiOn should proceed at such a rate to allow the 
racemisation process to occur. 
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In contrast, employing the ally he acetate 181 proved to be more fruitful, as displayed m 
Table 19. 
Table 19 
Enzyme Reaction Time Conversion 
(days) 
PFL 6 
PFL 19 
ACE 23 
a determmed by I H NMR and/or GC analysis 
b determmed by dural HPLC analysis 
(%)" 
100 
96 
68 
E. e.(%) Yield(%) 
Alcoho[b 
88 33 
96 81 
85 47 
The reactiOn employing PFL was performed three times m order to gam consistent 
results. The apparent sensitivity of the process ts dtsplayed in the results achieved. In 
each case, the alcohol was tsolated in excellent enantioselectivity, however, conststent 
conversiOn rates were only achieved on two occasions, and we were unable to 
accomplish comparable yields. There are two possible explanatiOns for these results . 
(I) Since the reactions are earned out on a very small scale, they may be highly 
sensitive to the relative concentratiOns of each spectes present in the solutiOn, cf. 
section 4.1.1. 
(2) Independent reports by Overman ISO and Warren152 highlight the relative inability of 
C-2 substituted ally he acetates to partake in palladium (H) catalysed rearrangements. 
Warren and Clayden m thetr investigatiOns of palladtum (H) catalysed rearrangements 
of ally he acetates, achteved only 7% of the corresponding rearranged products Thus, 
to attam an isolated yteld of 81% of the alcohol (entry 2), the palladmm catalyst may 
have undergone oxidation to palladmm (0), and subsequently achieved the racemtsatwn 
process via a different mechanism. 
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The result achieved With ACE was pleasing in terms of conversiOn rate and the level of 
enantioselectlVlty attamed, however, the Isolated yield was disappomtmgly low 
Allylic acetate 189 was subjected to the dynamic resolutiOn process, employmg the 
hpase from chromobacterium viscosum. 
189 
InvestigatiOns usmg 189, employed palladium (II) acetate as the catalyst, since Its 
solubility in aqueous media is greater than the previOusly employed bis( acetomtnle) 
palladmm <m chlonde. The results are disclosed m Table 20. 
Table20 
Enzyme Reaction Time Conversion E. e.(%) 
(days) (%)" Alcoho[b 
C. viscosum IS 2S 0 
C. viscosum IS 27 8 
a determmed by etther I H NMR analysts or GC analysts 
b determmed by chtral GC analysts 
For reasons unknown, the rate of conversion was low, and the levels of 
enantioselectivity achieved for the correspondmg alcohol of 189 were too low for the 
reaction to display any potential. 
The palladmm- enzyme dynamic resolution was demonstrated on a very small scale (IS 
- 20 mg of substrate ), smce It was necessary to screen the process under many varying 
conditions and so, determine optimum dynamic resolution conditions. Upon 
Identification of smtable condttions the reaction would then be demonstrated on a larger 
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scale. Thus, while we exarnmed a series of conditions for substrate 195 It was decided 
to rate the success of the process from the observed percentage conversion and the 
enantioselectiVIties achieved for both the alcohol and the acetate. In this way, If the 
reaction was proceedmg accordmgly with the proposed reactiOn mechamsm we would 
observe high percentages for the conversion rate and the enantwselectivity of the 
alcohol, while the enantwselectiVIty of the acetate would be close to zero 
Hence, allyhc acetate 195 was subjected to dynamic resolution conditiOns usmg a 
vanety of hydrolytic enzymes, as shown in Table 21. 
""'···o-~CO,M• 
(+,-) 195 
All the reactions were performed at room temperature, usmg 5 mol % palladmm 
(II) acetate. The reactiOn was momtored by TLC anaJysis (petroleum ether : d~ethyl 
ether, 1:1). Aqueous work up and IH NMR and/or GC analysis was used to determine 
the extent of conversiOn. In each case, the I H NMR spectrum was free of Impurities 
and only those signals relating to the alcohol and acetate were observed 
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Enzyme Reaction Time 
(days) 
P. roqueforti 12 
P. roqueforti 19 
PFL 11 
R. niveus 14 
C. VlSCOSUm 9 
C. viscosum 19 
a deterrnmed by GC and I H NMR analysis 
b determmed by chiral GC analysis 
Table 21 
Conversion 
(%)U 
31 
25 
>98 
28 
47 
17 
c determmed by chiral shift I H NMR, With Eu(hfc )3 
E. e.(%) E. e.(%) 
Alcoholb AcetateC 
78 4 
62 2 
50 . 
85 47 
30 44 
39 33 
The results htghlighted m Table 21 mdtcate the effectiveness of pemcillium roqueforti 
and pseudomonas fluorescens for the dynamic resolution reaction, usmg the condttions 
descnbed In these cases, the alcohol expresses good levels of enantioselectivity, whtle 
the acetate ts observed as bemg racemic, thus, endorsmg the proposed reaction 
mechanism. 
Rhizopus niveus proved to be ineffective for the process, dtsplaymg low levels of 
converston and htgh levels of enantioselectlVlty for the acetate. 
Agam, the sensttlVlty of the reactiOn ts highlighted m the conversion rates achteved 
when usmg chromobactenum vzscosum, as compared to the results obtamed when usmg 
penicillium roqueforti, where relatively consistent results were observed. 
In the absence of the ammo actd sequence for the hydrolases employed, it may be 
speculated that those enzymes which are unsuccessful for the dynarruc resolutton 
process may contam disulfide bridges either wtthin the active stte or exposed on the 
enzyme surface. The high affinity of sulfur for palladmm would render the palladmm 
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unavailable for the rearrangment process resultmg m low converswn rates and 
subsequently diminished levels of enantioselectivity. 
In the same way, those enzymes which are effective for the process may be devoid of 
the sulfur containing amino acids (cysteine and meth1omne). Active s1te models of 
pseudomonas fluorescens indicate the absence of sulfur, at least at the active s1te. 
5.4 Conclusions 
From the results discussed 1t 1s evident that certam areas of this process still need to be 
addressed. With the promising results achieved usmg 195 in the imtlal screenmg of 
conditions, it is suggested that the reactions be conducted on a larger scale and the 
alcohol be isolated to obtain a 'true' yield 
The sensitivity of the reaction, as demonstrated w1th substrates 181 and 195, may be 
due to the relative concentrations of each component in the reactiOn vessel. This aspect 
should be addressed m order to ehmmate any potentml problem 
It appears logical to suggest that different substrates would prefer different hpases to 
effect the dynamic resolutiOn. Th1s could be a potential drawback for executiOn of the 
process. However, 1f a series of Iipases were to be Identified for the more widely used 
allyhc acetate buildmg blocks, th1s would eliminate any apprehension in employmg 
such a techmque, for asymmeric synthesis 
DemonstratiOn of the kinetic and dynamic resolutions of 195 in organic solvents may 
prove fruitful. 
There is a requirement to ascertam the ammo ac1d sequence of the hydrolases used, and 
subsequently demonstrate whether potential problems may arise from sulfur conta1mng 
enzymes. 
llO 
-------------------------------------
From these prehmmary results, it IS apparent that the dynamic resolutwn is a feas1ble 
option and further development will enable th1s powerful methodology to demonstrate 
1ts applicability to asymmetnc synthesis. 
Ill 
Chapter Six 
Experimental 
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6.1 General Information 
Commercially available solvents and reagents were used throughout without further 
punficatiOn, except for those outlined below which were punfied as descnbed. 
Petroleum ether refers to that fraction bmling between 40°C and 60°C and was distilled 
through a 36cm VIgreux column before use Diethyl ether and toluene were dned by 
standing over sodium wire. THF was distilled from sodmm-benzophenone ketyl under 
mtrogen pnor to use. Dichloromethane was distilled over phosphorus pentoxide. 
Pyndme and triethylamme were distilled from, and stored over potassmm hydroxide 
pellets 
Analytical thin layer chromatography was earned out usmg alummium backed plates 
coated with Merck Kleselgel 60 GFz54· Plates were visualised under UV light (at 254 
and/or 360 nm), or by stammg With Iodine, or by staming with potassmm permanganate 
dip, followed by heatmg. Flash column chromatography was earned out using Merck 
Kieselgel 60 H silica Pressure was applied at the column head with hand bellows. 
Samples were applied pre-absorbed on Silica or as a saturated solutiOn m an appropnate 
solvent. 
IH and 13C NMR spectra were recorded using Bruker AC-250 and/or DPX400, and 
WH-400 (SERC NMR Spectroscopy Centre, Warwick) instruments IH NMR spectra 
were referenced agamst residual undeuterated solvent, m the case of deuterochloroform 
this was 7.265 ppm Signals were descnbed as singlets (s), doublets (d), quartets (q), 
double doublets (dd), etc High and low resolutiOn mass spectra were recorded on a 
Kratos MS80 instrument or on a VG Analytical ZAB-E mstrument (SERC mass 
spectroscopy service, Swansea). Infra-red spectra were recorded m the range 4000-600 
cm-! usmg a Nicolet FT-205 spectrometer, with mtemal calibratiOn. Spectra were 
recorded as solutiOns m chloroform or as thin films Elemental analyses were carried 
out on a Perkm Elmer 2400 Elemental Analyser. 
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Melting pomts were measured on an Electrothermal digital melting pomt apparatus and 
are uncorrected. Optical rotations were carried out on an Optical Activity AA I 00 
polanmeter 
All of the followmg experimental reactiOns were earned out under an atmosphere of 
mtrogen except m cases where It was obviously unnecessary. 
6.2 Experimental for Chapter 2 
Preparatwn of trans-( 4S, 5S )-2-substltuted-4-hydroxymethyl-5-phenyl-1,3-oxazolines 
Ph 
HO~OH 
NH2 
86 
OMe 
+ CIH2NAR 
R= Ph 87 
R=Me 88 
Phq, o f.>-" 
OH 
R=Ph 89 
R=Me 90 
(IS, 2S)-(+)-l-Phenyl-2-ammo-1,3-propanedwl86 (9 03 g, 54 mmol) was added m one 
portion to a solution of 1mmo ether hydrochlonde 87 or 88 (54 mmol) m dry 
dichloromethane (30 m!) at 0 °C. The nuxture was warmed to room temperature and 
stirred for 12 hours The white turbid mixture was poured mto ICe water (50 g). The 
d1ch!oromethane layer was separated and the aqueous layer extracted with 
d1chloromethane (2 x 20 m!). This was then dned (MgS04) and concentrated in vacuo 
to g1ve a colourless 01! which solidified on standmg Crystallisation from d1ethy! ether 
by cooling to -78 °C gave crystalline 89 and 90. 
trans-(4S,5S)-2-Phenyl-4-hydroxymethyl-5-phenyl-1,3-oxazo/me 89 
(10.7 g, 42.3 mmol, 78 %). M.p 127-129 oc [a]o25 -44.6° (c=5.4, CHCI3). Umaxl 
cm-1 (CHCI3) 1646 (C=N). 8H (400 MHz, CDC!J) 3 79 (IH, dd, J = 3 9, 11.8 Hz, 
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CHH'OH), 4.06 (IH, dd, J = 3 8, 11.7 Hz, CHH'OH), 4.22- 4 26 (lH, m, CHN), 5.56 
(lH, d, J =78Hz, CHPh), 7.32-7.94 (lOH, m, 10 x ArCH). Oc (100 MHz, CDCI3) 
63.55 (CHzOH), 77 09 (CHN), 82.86 (CHPh), 127 20 (ArC), 125.7-131 5 (10 x 
ArCH), 140 62 (ArC), 164.75 (C=N) mlz (FAB) 254 (MH+, 100), 224 (16), 147 (8), 
121 (9), 105 (11). 
trans-(4S,5S)-2-Methyl-4-hydroxymethyl-5-phenyl-1,3-oxazoline 90 
(8.25 g, 43.2 mmol, 80 %). M p. 62-63 °C (ht.J53 64-65 °C). [a]o25 -174 6° (c=10 5, 
CHCI3). Umax I cm-I (CHCI3) 1670 (C=N). 8H (400 MHz, CDCI3) 2.08 (3H, s, CH3), 
3.63 (lH, dd, J = 4.1, 11.8 Hz, CHH'OH), 3.92 (IH, dd, J = 3 6, 11.8 Hz, CHH'OH), 
3.99- 4.01 (IH, m, CHN), 5.33 (1H, d, J =77Hz, CHPh), 7.25 -7.39 (5H, m, 5 x 
ArCH). Oc (100 MHz, CDCI3) 13.83 (CH3), 63 21 (CH20H), 76 21 (CHN), 83 08 
(CHPh), 125.69, 125.90, 127.60, 128 18, 128.35, 128.39, 128.54, 128.85 (8 x ArCH), 
140.30 (ArC), 166.34 (C=N) mlz (FAB) 192 (MH+, 100), 162 (10), 85 (9), 68 (6). 
trans-( 4S, SS )-4-Hydroxymethyl-5-phenyl-2-(2-thiophenyl)-1,3-oxazoline 92 
Ph 
HO~OH + f/1 tz._s_A eN 
NH2 
86 91 
Ph,,,,,ror-o 
rN s 
HO 92 
In a 50ml Schlenk flask, zmc CID chlonde (68 mg, 0.5 mmol) was melted under high 
vacuum and cooled under mtrogen. After cooling to room temperature, chlorobenzene 
(30 ml) was added followed by 2-thiOphene carbomtnle 91 (1.10 g, 10 mmol) and 
(1S,2S)-(+)-1-phenyl-2-amino-1,3-propanedio186 (2 17 g, 13 mmol). The nuxture was 
heated under reflux for 24 hours. The solvent was removed under reduced pressure to 
give an 01Iy residue, which was dissolved m dichloromethane (30 ml). The solutiOn 
was washed with water (3 x 20 ml) and the aqueous phase wtth dichloromethane (30 
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ml). The combmed orgamc phases were dned (NazS04), and the solvent removed in 
vacuo. The residue was punfied by flash column chromatography (petroleum ether : 
dtethyl ether, 3.1) to afford the title compound (1.0 g, 3.86 mmol, 38 %) as an off-
white crystalline solid M p. 160-162 °C. [a]n25 +50 0° (c=l.02, CHCI3). 'tlmax I cm-1 
1670 (C=N). liH (400 MHz, CDCI3) 3.75 (IH, dd, J = 3.2, !I 9Hz, CHH'OH), 4.02 
(IH, br s, OH), 4.11 (IH, dd, J = 3.2, 11.9 Hz, CHH'OH), 4 21 (IH, dt, J = 8.1, 32Hz, 
CHN), 5.60 (IH, d, J = 8 I Hz, CHPh), 7.01 (IH, m, thiophene HC=), 7.30- 7 40 (SH, 
m, 5 x ArCH), 7.42- 7.57 (IH, m, thtophene HC=). Be (100 MHz, CDCI3) 62.9 
(CH20H), 76.7 (CHN), 83 o (CHPh), 125 8- 130.9 (ArCH x 8), 129 41139.2 (HC=), 
160 4 (C=N) m/z (Cl) 260 (MH+, 100% ), 230 (27), Ill (9) 
( 4S )-4-Carbomethoxy-2-methyl-1,3-oxazolme 9477 
HO H3CO~l {' NH2 
0 93 88 
0 
.. ()-Me Meo 2c''' N 
94 
The free base of methyl acetimidate hydrochlonde 88 was prepared by adding the 
hydrochlonde (2.4 g, 21.9 mmol), at room temperature to a vigorously stirred solution 
of dichloromethane (10 ml) and potassmm carbonate (3.4 g, 24 6 mmol) dissolved in 
water (I 0 ml) After stmmg for 30 m mutes, the orgamc layer was separated and the 
aqueous phase further extracted wtth dichloromethane (5 ml). The combined organtc 
extracts were dned (KzC03) and filtered. 
To the methyl acetimidate free base, in dichloromethane, was added L-senne methyl 
ester hydrochloride 93 (3.4 g, 21.9 mmol) m 1,2-dichloroethane (25 ml) The mixture 
was heated under reflux for 36 hours. After filtration the solvent was removed by rotary 
evaporation to yield the tztle compound as a colourless ml (1.2 g, 8.40 mmol, 38 % ), 
which could be used Without further punfication 'tlmax I cm-1 (thm film) 1744 (C=O) 
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and 1669 (C=N). OH (250 MHz, CDCb) 2.03 (3H, s, CH3), 3.79 (3H, s, OCH3), 4.36-
4 52 (2H, m, CH20), 4.71 (IH, dd, J = 7.8, 11 0 Hz, CHN) oc (63 MHz, CDCI3), 
13.55 (CH3), 52.34 (OCH3), 67.96 (CH), 69.23 (CH2), 167.55 (C=N), 171.47 (C=O) 
m/z (E I.) 143 (M+, 4), 60 (76), 45 (89), 43 (100). 
Preparation of ( 4S)-4-Disubstltutedhydroxy methyl-2-methyl-1,3-oxazolmes 
94 
0 
R c >-Me 
R-1''''' N 
HO R=Ph 95 
R=Me 96 
( 4S )-4-Diphenylhydroxymethyl-2-methyl-1,3-oxazolme 95 
To phenylmagnesmm bromide at -78 oc (cardice-acetone bath), a solution of94 (250 
mg, 1.75 mmol) m THF (4 ml) was added dropwise. The reactiOn was mamtained at-
78 °C for 2 hours then allowed to warm to room temperature overnight ( -16 hours). 
The reactiOn mixture was poured onto a saturated solutiOn of ammonium chlonde (15 
m!) and extracted with diethyl ether (3 x I 0 m!). The combined organic extracts were 
dried (K2C03), filtered and concentrated to yield the title compound as a pale yellow m! 
(270 mg, 1.01 mmol, 58%). 'llmaxl cm-! (thin film) 1648 (C=N). OH (250 MHz, 
CDCI3) 1.98 (3H, s, CH3), 4.03 (IH, dd, 3.0, 8.8 Hz, CHH'O), 4.08 (IH, dd, J = 2 0, 
88Hz, CHH'O), 5 33 (IH, t, J = 8.7 Hz, CHN), 7.17-7.61 (!OH, m, 10 x ArCH). Oc 
(63 MHz, CDCI3) 14 01 (CH3), 69 09 (CH20), 72.50 (CHN), 125.47 (ArCH), 126 47 
(ArCH), 127.05 (ArCH), 127 93 (ArCH), 128.27 (ArCH), 144.50 (ArC), 146.01 
(COH), 168 46 (C=N). 
Deterioration to correspondmg amide 97 
Indicative data· 'llmaxl cm-! (thm film) 1658 (C=O) OH (400 MHz, CDCI3), 4 8 (IH, 
br s, OH), 6.4 (IH, d, NH). 
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( 4S )-4-Dimethylhydroxymethyl-2-methyl-1,3-oxazolme 96 
To methylmagnesium iodide at -78 oc (card1ce-acetone bath), a solutiOn of 94 (500 mg, 
3.5 mmol) m THF (8 ml) was added dropw1se. The reaction was mamtained at this 
temperature for a further hour before allowmg to warm to room temperature overnight 
( -16 hours) The reaction mixture was poured into a saturated solutwn of ammonium 
chlonde (15 ml) and extracted with d1ethyl ether (3 x 10 ml) The combined orgamc 
extracts were dned (KzC03), filtered and concentrated to y1eld the title compound as 
an orange/brown oil (60 mg, 0.42 mmol, 17 %). Umax I cm-1 (thm film) 1651 (C=N). 
OH (250 MHz, CDCI3), 1.14 (3H, s, CH3), 1.28 (3H, s, CH3), 2.00 (3H, s, CH3), 4 02 
(IH, dd, J = 8.2, 11.5 Hz, CHN), 4.12-4.26 (2H, m, CHzO) lie (63 MHz, CDCI3), 
13.76 (CH3), 25 01 (CH3), 26 67 (CH3), 62.12 (C(CH3)z), 68 65 (CH20), 75.24 
(CHN), 166 51 (CN). 
Deterwratwn to corresponding amzde 97 
Indicative data: Umaxl cm-! (thin film) 1673 (C=O). 
(4S)-2-Dimethylhydroxymethyl-4-zsopropyl-1,3-oxazoline 10078 
M Me M Me 0) 
+ e'f-co2H -------. e'/---{ 
HO HO N .,,/ 'Pr 
99 100 
To a solutwn of2-hydroxyJsobutync ac1d 99 (415 mg, 3 99 mmol) m xylene (12 ml) 
was added valinol ((S)-(+)-2-armno-3-methyl-1-butanol) 98 (415 mg, 4 02 mmol) and 
the reaction was brought to reflux. After 30 hours water ( -0.5ml) had collected in the 
Dean-Stark trap. The solvent was removed by evaporation to yield the tule compound 
as a colourless 011 (625 mg, 3.65 mmol, 92% ). Umax I cm-1 (thm film) 3391 (OH), 
1661 (C=N). OH (400 MHz, CDC)J) 0.93 (3H, d, J = 6.8 Hz, CH3), 0.96 (3H, d, J = 6 8 
Hz, CH3), 1.46 (3H, s, CH3), 1 48 (3H, s, CH3), 1.87- 1 95 (lH, m, CH), 3.62- 3.75 
(3H, m, CHzO, CHN), 6 86 (lH, br s, OH) lie (63 MHz, CDC13) 18.51 (CH3), 19.43 
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(CH3), 27 84 (CH3), 27 97 (CH3), 28 99 (CH), 57.03 (CH20), 64.25 (CHN), 177.31 
(C=N). m/z (E I) 171 (M+,4), !56 (11), 128 (41), 98 (100). 
(4S)-2-(2-Hydroxyphenyl)-4-isopropyl-1,3-oxazoline 10271 
HO ~ H NJ., + CN 2 ~ 'Pr HO 
98 HO 101 ;::. 
'Pr 
To valinol 98 (453 mg, 4 40 mmol) m chlorobenzene (10 ml) was added o-cyanophenol 
101 (520 mg, 4.37 mmol) and a catalytic amount of zmc (II) chloride (11 mg, 0 08 
mmol). The reactiOn was heated under reflux for 18 hours. The chlorobenzene was 
removed by evaporatiOn to yield a brown OIL The residue was purified by flash column 
chromatography elutmg with dichloromethane to yteld the title compound as a 
colourless oil (483 mg, 2.36 mmol, 54%). Umaxl cm-1 (thm film) 1644 (C=N). OH 
(250 MHz, CDCI3) 0.92 (3H, d, J = 6.7 Hz, CH3), 0 99 (3H, d, J =67Hz, CH3), 1.71 -
1.81 (IH, m, CH), 4 06-4 16 (2H, m, CHzO), 4 35-4.49 (IH, m, CHN), 6 81 (IH, t, J 
= 7.6 Hz, ArCH), 6.98 (IH, d, J = 8.2 Hz, ArCH), 7 31 -7.36 (IH, m, ArCH), 7.61 (IH, 
dd, J = 1.7, 79Hz, ArCH). Oc (63 MHz, CDCI3) 18.57 (CH3), 18 67 (CH3), 33 01 
(CH), 69 84 (CH2), 71 51 (CHN), 110.70 (ArC), 116.67 (ArCH), 118.52 (ArCH), 
127.97 (ArCH), 133.23 (ArCH), !59 98 (ArC), 165.06 (C=N). mlz (E.I.) 205 (M+, 
57%), 162 (100), 134 (34), 107 (28). 
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General procedure for the enantioselective addition of diethylzinc to aromatic 
aldehydes using catalysts 89, 90, 92, 95, 96, 100 and 102 
~CHO 
yJ 
R 
68R=H 
103R= o-MeO 
104R=p-Me0 
105R= p-Cl 
ox~ 
R 
71R=H 
106R= o-MeO 
107R=p-Me0 
108R= p-Cl 
Diethylzmc was supplied as I M solutiOn m hexanes. Benzaldehyde and o- and p-
methoxybenzaldehyde were distilled m a Kugelrohr apparatus prior to use p-
Chlorobenzaldehyde was recrystallised before use. 
The aromatic aldehyde (1.0 mmol) and hgand (0 06 mmol) as a solutiOn in hexane (5 
ml) was placed m a flame dned flask which had been purged With nitrogen. After 
stirring at room temperature for 0 5 hour, d1ethylzmc (2 ml, 2.0 mmol) was added The 
reactiOn was quenched with IM hydrochlonc ac1d (2 ml) and the mixture was extracted 
mto d1chloromethane (3 x 20 ml) The combmed dichloromethane extracts were dned 
(NazS04) and concentrated m vacuo and the res1due was punfied by flash column 
chromatography (dichloromethane) to g1ve the correspondmg alcohol as a pale yellow 
Oil. 
General procedure using lithium salt oftrans-(4S, SS)-2-methyl-4-hydroxymethyl-5-
phenyl-1,3-oxazoline 90 
ReactiOn of n-butyllithmm (1.6M in hexanes) (200 Jll, 0 32 mmol) w1th oxazolme 90 
(61 mg, 0.32 mmol) m hexane I toluene (1 I, 4 ml) at 0 oc (1cebath) y1elded 110 in situ. 
At th1s temperature p-methoxybenzaldehyde (680 mg, 5.0 mmol) was added and the 
reaction flask then allowed to warm to room temperature before the add1t10n of 
diethylzinc (lM m hexanes, 10 ml, 10 mmol). The pale yellow reaction mixture was 
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stirred for a further 36 hours at room temperature The reactiOn was quenched with 1M 
hydrochloric acid (2 m!) and the mixture extracted mto dichloromethane (3 x 20 ml). 
The combined dichloromethane extracts were dned (NazS04) and concentrated in 
vacuo to give the corresponding alcohol as a pale yellow 01!. 
Enantiomeric excess determination of the alcohol product 71, 106, 107 and 108: 
HPLC analyses were camed out on a Waters hqmd chromatograph, usmg a D~acel 
Chiralcel OB column; solvent, 10-25% isopropanol: hexane; flow rate, 0.5 m!. mm- I; 
254 nm detectiOn. GC analyses were carried out on a Pye Unicam Senes 204 
Chromatograph, usmg an SGE Cydex-B 0.25 chiral capillary column; inJector 
temperature, 200 °C, detector temperature, 250 oc; oven temperature, 120 °C, helmm 
carrier gas (10 Ib I m2); detector, F I D. 
In each case the (R)-enantwmer eluted first 
l-Phenylpropan-l-ol7160 
OH (250 MHz, CDCI3 ), 0 93 (3H, t, J =74Hz, CH3), 1 60- 1 87 (2H, m, CHz), 2.71 
(IH, br s, OH), 4.53 (IH, t, J = 6.6 Hz, CH), 7.20-7 40 (5H, m, 5 x ArCH). 3c (63 
MHz, CDC!3), 10.10 (CH3), 31.76 (CHz), 75 83 (CH), 125.99 (ArCH), 127 31 
(ArCH), 128 26 (ArCH), 144.60 (ArC). 
o-Methoxyphenylpropan-l-ol10660 
OH (250 MHz, CDCI3), 0.96 (3H, t, J = 7.4 Hz, CH3), 1.76- 2 04 (2H, m, CHz), 2 54 
(1H, br s, OH), 3 85 (3H, s, OCH3), 4 80 (IH, t, J =66Hz, CH), 6 87-6.98 (2H, m, 2 
x ArCH), 7 22-7.31 (2H, m, 2 x ArCH) lie (63 MHz, CDCI3) 10.42 (CH3), 30.10 
(CHz), 55.17 (OCH3), 72.25 (CHOH), 110.42 (ArCH), 120.61 (ArCH), 126.99 
(ArCH), 128.11 (ArCH), 132 33 (ArC), 156 53 (ArC). 
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p-Methoxyphenylpropan-l-ol10760 
OH (250 MHz, CDCIJ), 0.90 (3H, t, J =74Hz, CH3), 1.63 - 1.91 (2H, m, CHz), 2 40 
(IH, br s, OH), 3.81 (3H, s, OCH3), 4.54 (IH, t, J = 6.6 Hz, CH), 6.85-6 91 (2H, m, 2 
x ArCH), 7.23-7.31 (2H, m, 2 x ArCH). oc (63 MHz, CDCI3) 10.15 (CH3), 31 69 
(CH2), 55 16 (OCH3), 75.47 (CH), 113 63 (ArCH), 127 15 (ArCH), 136 76 (ArC), 
158.50 (ArC). 
p-Chlorophenylpropan-l-ol10S60 
OH (250 MHz, CDCI3), 0 87 (3H, t, J =74Hz, CH3), 1.61 - I 81 (2H, m, CHz), 2 65 
(IH, br s, OH), 4.51 (IH, t, J =66Hz, CH), 7.20 -7.38 (4H, m, 4 x ArCH). Oc (63 
MHz, CDCIJ), 9 91 (CH3), 31 82 (CHz), 75 15 (CHOH), 127 31 (ArCH), 128.19 
(ArCH), 128 40 (ArCH), 128.53 (ArCH), 128.85 (ArC), 143.48 (ArC). 
6.3 Experimental for Chapter 3 
General procedure for preparation of2-(substituted)thiophenyl nitriles 139 - 145 
CXCN I F NaH,ArSNa TIIF ~ yeN reflux ('Ys 
Uy~ 
R 139- 145 
139 R=H 
140 R= o-CHr 
141 R=p-CHr 
142 R = o-OCHr 
143 R = p-OCHr 
144 R = o-C02CHT 
145 R = p-(CH3hN-
Sodmm hydnde (171 mg, 7.14 mmol, 2 eqmvalents) dissolved in THF (2 ml) was added 
to the reactiOn flask and cooled to 0 °C The appropriate aromatic thiol (3 .57 mmol) 
was added in THF (5 ml) and the miXture stirred for 0.5 hours. After warming to room 
temperature, o-fluorobenzonitnle (475 mg, 4.0 mmol) added in THF (3 ml) and the 
m1xture was heated under reflux until TLC analysis (petroleum ether : d1ethyl etber, 
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3:1) indtcated completion of reactiOn. The mtxture was dtluted wtth dichloromethane 
(10 ml) and washed wtth 15 % sodtum hydroxide solution (15 m!), then water (10 ml). 
The separated orgamc layer was dned (Na2S04) and the solvent removed in vacuo 
PurificatiOn of the residue by flash column chromatography (petroleum ether diethyl 
ether, 3: 1 ) afforded the clean product. 
2-(Thiophenyl)benzonitrzle 139114b 
A colourless crystalline soltd (7.14 mg, 3 38 mmol, 82%) M p. 35-37 °C (ltt.l54 39-
40 °C). Umax I cm-1 (CHCI}) 2225 (CN). m/z (E 1.) 211 (M+, 100), 109 (60), 51 (42) 
2-(2-Methylthwphenyl)benzomtrile 140 
Recrystalltsatton from petroleum ether I dtethyl ether to afford the title compound as a 
colourless solid (1.78 g, 7.92 mmol, 74 %) M p 65 °C. (Found: C, 74 82; H, 4 97; N, 
6.06. C14ll11NS requtres C, 74 65, H, 4.93, N, 6 22). Umax I cm-1 (CHCI3) 2225 
(CN) OH (250 MHz, CDCI3) 2.39 (3H, s, CH3), 6 84 (IH, d, J =76Hz, ArCH), 7.17-
7.25 (3H, m, 3 x ArCH), 7.32-7.36 (2H, m, 2 x ArCH), 7.46 (IH, d, J = 7.5 Hz, 
ArCH), 7.62 (IH, dd, J = 1.4, 7.7 Hz, ArCH) oc (63 MHz, CDCI3) 20 61 (CH3), 
Ill 50 (ArC), 116.87 (CN), 125 72 (ArCH), 127.25 (ArCH), 128 00 (ArCH), 129 82 
(ArCH), 131.16 (ArCH), 132.95 (ArCH), 133 54 (ArCH), 135 44 (ArCH), 141 92 
(ArC), 142 65 (ArC) m/z (E.I.) 225 (M+, 100), 165 (11), 91 (52). 
2-(4-Methylthiophenyl)benzomtrzle 141 
Recrystalltsatwn from petroleum ether I dtethyl ether to yield the tztle compound as a 
colourless solid (1.82 g, 8.1 mmol, 75 %) M p. 76 °C. (Found. C, 74.58; H, 4.72, N, 
6 37. C14H11NS reqmres C, 74 63, H, 4.92; N, 6.22). Umax I cm-1 (CHCI3) 2224 
(CN). OH (400 MHz, CDCI3) 2.37 (3H, s, CH3), 7.02 (!H, d, J =80Hz, ArCH), 7.17-
7.21 (3H, m, 3 x ArCH), 7 34-7.40 (3H, m, 3 x ArCH), 7.59 (IH, dd, J = 1.5, 77Hz, 
ArCH) 0c (100 MHz, CDCI3) 21.09 (CH3), Ill 67 (ArC), 116.80 (CN), 125.75 
(ArCH), 127.39 (ArC), 128 70 (ArCH), 130 45 (ArCH), 132.71 (ArCH), 133 31 
123 
(ArCH), 134.12 (ArCH), 139.37 (ArC), 143 31 (ArC) mlz (E.I.) 225 (M+, 100), 209 
(8), 123 (1 0), 91 (78). 
2-(2-Methoxythiophenyl)benzonitrile 142 
Recrysta!hsat10n from petroleum ether I d1ethyl ether to afford the tztle compound as a 
colourless sohd (735 mg, 3.05 mmol, 80 %). M p. 81-82 °C (Found C, 69.37; H, 
4.28; N, 6 24 Ct4HuNOS reqmres C, 69.69, H, 4.60; N, 6 64). Umax I cm-1 (CHCI3) 
2225 (CN), 1276, 1249 (C-O). OH (400 MHz, CDCIJ) 3.82 (3H, s, OCH3), 6 94- 6.96 
(2H, m, 2 x ArCH), 7 04 (lH, d, J =80Hz, ArCH), 7 22 (lH, t, J = 7.6 Hz, ArCH), 
7.37 (3H, m, 3 x ArCH), 7.62 (lH, dd, J = 1 5, 7.7 Hz, ArCH). Oc (100 MHz, CDCI3) 
55.81 (OCH3), 111.46 (ArCH), 112.60 (ArC), 116.89 (CN), 119.35 (ArC), 121 37 
(ArCH), 125.93 (ArCH), 129 40 (ArCH), 130 80 (ArCH), 132.56 (ArCH), 133.38 
(ArCH), 135 07 (ArCH), 141.68 (ArC), 158.98 (ArC). m/z (E.I.) 241 (M+, 100), 226 
(8), 116 (29). 
2-(4-Methoxythwphenyl)benzonitnle 143 
Recrystallisation from d1ethyl ether to afford the tztle compound as a colourless sohd 
(740 mg, 3 07 mmol, 86 %). M.p. 98 °C. (Found· C, 69.48; H, 4 21; N, 5 68 
C14H1 1NOS reqmres C, 69.68; H, 4 59; N, 5.80). Umax I cm-1 (CHCI3) 2220 (CN), 
1250, 1215 (C-O). OH (400 MHz, CDCIJ) 3 83 (3H, s, OCH3), 6 90-6 96 (3H, m, 
ArCH), 7.15 (lH, t, J = 4.8 Hz, ArCH), 7.33 (1H, t, J =49Hz, ArCH), 7.46 (2H, dt, J 
= 8 8, 2.5 Hz, 2 x ArCH), 7.56 (1H, d, J = 4.8 Hz, ArCH) Oc (100 MHz, CDCI3) 
55.28 (OCH3), 110.67 (ArC), 115.33 (ArCH), 116.81 (CN), 120.71 (ArC), 125 34 
(ArCH), 127.64 (ArCH), 132.70 (ArCH), 133.24 (ArCH), 136 62 (ArCH), 144.45 
(ArC), 160.67 (ArC) m/z (E I) 241 (M+, 100), 226 (36), 139 (10). 
2-(2-Carbomethoxythiophenyl)benzomtr!le 144 
Recrystalhsation from petroleum ether I diethyl ether to yield the utle compund as a 
colourless solid (381 mg, 1.42 mmol, 48 %). M p 79-80 oc (Found C, 66.75; H, 
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3 94; N, 5 42. CtsHuNOzS requires C; 66 90; H, 4.12, N, 5.20) Umaxl cm-1 (CHCI3) 
1720 (C=O). OH (400 MHz, CDCI3) 3.93 (3H, s, OCH3), 6.79 (IH, d, J = 8.0 Hz, 
ArCH), 7 24 (IH, dt, J = 7.6, I 2Hz, ArCH), 7.30 (IH, dt, J = 7.7, I 6Hz, ArCH), 7.47 
(IH, m, ArCH), 7 59 (2H, m, 2 x ArCH), 7.75 (IH, d, J =77Hz, ArCH), 7 99 {IH, dd, 
J =I 6, 7.7 Hz, ArCH). Be (lOO MHz, CDCb) 52.24 (OCH3), 116.68 (CN), 118.10 
(ArC), 125.67 (ArCH), 128.41 (ArCH), 128.93 (ArCH), 131 16 (ArCH), 132.48 
(ArCH), 133.30 (ArCH), 134.23 (ArCH), 135 79 (ArCH), 137.84 (ArC), 139.29 (ArC), 
166 54 (C=O). m/z (E.I.) 269 (M+, 68), 238 (100), 209 (25), !83 {14), 167 (8). 
4-N, N-Dzmethylamino(thiophenol) 147 
HS'("1 HSU ~NH-2 --- I # N(CH3l2 
146 147 
To a stirred solutwn of p-aminothwphenol146 (500 mg, 4.0 mmol) m methanol (10 
m!) containing aqueous fomaldehyde (37-40%, I 50 m!, 20.0 mmol) at room 
temperature was added a solutwn of sodmm cyanoborohydnde (504 mg, 8 0 mmol) and 
zmc (II) chloride (550 mg, 4.0 mmol) m methanol (I 0 ml). The reactwn ffi!Xture was 
stmed at room temperature for 2 hours The solution was taken up in 0 !M NaOH (30 
m!) and most of the methanol was removed m vacuo. The aqueous was extracted With 
ethyl acetate (3 x 20 m!) and the combined orgamc extracts were washed With water (I 0 
m!), then brine (I 0 ml), dned (MgS04) and concentrated m vacuo. Punficatlon by flash 
column chromatography ( dichloromethane) yielded the title compound as a yellow solid 
(210 mg, I 37 mmol, 34 %). M p 116 cc OH (250 MHz, CDCI3) 2 92 (6H, s, 2 x 
CH3), 6.59 (2H, d, J =88Hz, 2 x ArCH), 7 32 (2H, d, J = 9.1 Hz, 2 x ArCH). 8c (100 
MHz, CDCIJ) 40.34 (2 x CH3), 112.52 (ArCH), 123.41 (ArC), 134 19 (ArCH), !50 70 
(ArC). m/z (E.I.) 304 (18), !53 (M+, 21), !52 (lOO), 120 (3). 
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2-(4-N,N-Dimethylammothiophenyl)benzonitrile 145 
A pale yellow sohd (250 mg, 0 98 mmol, 60 %) M.p. 153 °C. (Found M+, 254 0868. 
C1sHJ<!N2S requires M+, 254.0878). Umax I cm-! (CHCI3) 2200 (CN). OH (250 MHz, 
CDCI3) 3.03 (6H, s, 2 x CH3), 6 73 (2H, d, J =88Hz, 2 x ArCH), 6.88 (IH, d, J = 8 2 
Hz, ArCH), 7.11 (IH, t, J = 7.5 Hz, ArCH), 7 32 (IH, t, J =78Hz, ArCH), 7.41 (2H, d, 
J = 6.8 Hz, 2 x ArCH), 7.55 (IH, dd, J =I 3, 7.7 Hz, ArCH). Se (63 MHz, CDCI3) 
40 11 (2 x CH3), 109.77 (ArC), 113.03 (ArCH), 117.11 (CN), 124 67 (ArCH), 126.73 
(ArCH), 132.63 (ArCH), 133.12 (ArCH), 136.93 (ArCH), 146.41 (ArC), 146 41 (ArC). 
mlz (E I.) 254 (M+, 100), 152 (42), 136 (19). 
General procedure for the preparation of (48)-4-isopropyl-2-(2-(substituted) 
thiophenyl)-1, 3-oxazolines 148- 154 
~ YeN 
('Ys 
U;/ 
R 139- 145 
('Ys 
~/ 
R 148- 154 
'Pr 
148 R=H 
149 R = o-CH3-
150 R=p-CHr 
151 R= o-OCHr 
152 R=p-OCH3-
153 R= o-NC-
154 R = p-(CH3)zN-
156 R = p-02N-
In a 50 ml Schlenk flask, zinc (II) chloride (30 mg, 0 2 mmol) is melted under high 
vacuum and cooled under mtrogen. After cooling to room temperature the appropnate 
sulfide 139-145 (1.0 mmol) and valmol (515 mg, 5 mmol) m chlorobenzene (5 ml) 
were added to the reaction flask The nuxture was heated under reflux until TLC 
analysis (petroleum ether: diethyl ether, 3: I) indicated completiOn of reaction The 
sol vent was removed under reduced pressure. Purification of the residue by flash 
column chromatography ( dichloromethane) afforded clean products. 
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( 4S)-4-Isopropyl-2-[2-( thiophenyl)phenyl ]-1,3-oxazoline 148 
A colourless oil (230 mg, 0 77 mmol, 41 %). [a]o25 -42 5° (c = 0.4, CHCl3). Umax I 
cm-I (thin film) 1650 (C=N). OH (250 MHz, CDCl3) 0.97 (3H, d, J = 6.7 Hz, CH3), 
1.08 (3H, d, J = 6.7 Hz, CH3), 1.85 (lH, m, CH), 4.08- 4 22 (2H, m, CHN, CHH'O), 
4.37 (lH, dd, J = 7.2, 8.8 Hz, CHH'O), 6 82 -7.79 (9H, m, 9 x ArCH). 
( 4S )-4-Isopropyl-2-[2-(2-methylthwphenyl)phenyl ]-1,3-oxazolme 149 
A colourless oil (406 mg, 1 31 mmol, 57%). (Found M+, 311.1354. C19H21NOS 
requires M+, 311.1344) [a]o25 -72 8° (c = 1.51, CHCl3) Umax I cm-1 (thm film) 1650 
(C=N). OH (400 MHz, CDCl3) 0 99 (3H, d, J = 6.7 Hz, CH3), 1.08 (3H, d, J =67Hz, 
CH3), 1.87- 1.95 (IH, m, CH), 2.34 (3H, s, OCH3), 4.14 (1H, t, J = 7.7 Hz, CHH'O), 
4.22-4 28 (IH, m, CHH'O), 4 37- 4.32 (IH, m, CHN), 6.64 (lH, dd, J = 1.3, 7.9 Hz, 
ArCH), 7.07- 7.16 (2H, m, 2 x ArCH), 7.20- 7.25 (1H, m, ArCH), 7.29- 7 35 (2H, m, 
2 x ArCH), 7.57 (IH, d, J =75Hz, ArCH) 7.79 (IH, dd, J = 1 5, 7.5 Hz, ArCH). <le 
(100 MHz, CDCl3) 18.19 (CH3), 18.73 (CH3), 20.54 (CH3), 32.88 (CH), 69.55 
(CHzO), 73 32 (CHN), 123.99 (ArCH), 125 05 (ArC), 126.43 (ArCH), 126.92 (ArCH), 
129.30 (ArCH), 129.97 (ArCH), 130.53 (ArCH), 130.74 (ArCH), 132.14 (ArC), 136 55 
(ArCH), 140.16 (ArC), 142 63 (ArC), 162 05 (C=N). m/z (E I.) 311 (M+, 100), 268 
(61), 227 (38), 211 (46). 
( 4S)-4-Isopropyl-2-[2 -( 4-methylthwphenyl )phenyl ]-1 ,3 -oxazoline 150 
A colourless solid (367 mg, 1.18 mmol, 88 %) M p 76-77 °C. (Found M+, 311 1356. 
Ci9Hz1NOS reqmres M+, 311.1344). [a]o25 -60 oo (c = 1 0, CHC(J). (Found: C 
73 05, H 6.90, N 4 47. C19H2INOS reqmres C, 73.28; H, 6 80, N, 4.50) Umax I cm-I 
(CHCIJ) 1648, (C=N). OH (400 MHz, CDCl3) 0 98 (3H, d, J = 6.7 Hz, CH3), 1 09 (3H, 
d, J = 6.7 Hz, CH3), 1.85- 1 94 (lH, m, CH), 2.38 (3H, s, CH3), 4.12 (lH, t, J = 7.8 Hz, 
CHH'O), 4 19-4.25 (IH, m, CHH'O), 4.38 (lH, t, J =80Hz, CHN), 6.78 (IH, d, J = 
8.0 Hz, ArCH), 7.07 (IH, dt, J = 7 5, 1.2 Hz, ArCH), 7.14 (IH, dt, J = 7.5, 1.7 Hz, 
ArCH), 7.20 (2H, d, J = 8.1 Hz, 2 x ArCH), 7 43 (2H, d, J = 8.1 Hz, 2 x ArCH), 7.76 
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(IH, dd, J = 1.7, 7.6 Hz, ArCH). Be (100 MHz, CDCI3) 18 20 (CH3), 18.90 (CH3), 
21.10 (CH3), 32.92 (CH), 69.57 (CH20), 73 37 (CIIN), 123.93 (ArCH), 124.76 (ArC), 
126.89 (ArCH), 129.40 (ArC), 129. 75 (ArCH), 130.27 (ArCH), 130.41 (ArCH), 
135.32 (ArCH), 138 85 (ArC), 141.49 (ArC), 162 02 (C=N) m/z (E.I) 311 (M+, 100), 
268 (89), 176 (43). 
(4S)-4-Isopropyl-2-[2-(2-methoxythwphenyl)phenyl]-1,3-oxazoline 151 
TrituratiOn from petroleum ether afforded the tztle compound as a colourless sohd (144 
mg, 0 44 mmol, 59%). M p. 75 °C. (Found M+, 327 1307. C19H21N02S requires M+, 
327.1293) [a.]o25 -42 9° (c = 0.7, CHCI3). 'Umax I cm-1 (CHCI3) 1652 (C=N). OH (250 
MHz, CDCI3) 0.97 (3H, d, J = 6.7 Hz, CH3), 1.09 (3H, d, J = 6.7 Hz, CH3), 1 85- 1.92 
(IH, m, CH), 3.78 (3H, s, OCH3), 4.09-4 25 (2H, m, CH20), 4.39 (IH, t, 7.1 Hz, 
CHN), 6.78 (IH, d, J = 7.2 Hz, ArCH), 6 98 (2H, t, J =80Hz, 2 x ArCH), 7 07-7.19 
(2H, m, 2 x ArCH), 7 40 (IH, dt, J = 7.8, 1.6Hz, ArCH), 7.51 (IH, d, J =75Hz, 
ArCH), 7.79 (IH, dd, J = 2.1, 7.2 Hz, ArCH). Be (100 MHz, CDCI3) 19.28 (CH3), 
20 01 (CH3), 33.96 (CH), 56.73 (OCH3), 70.72 (CH20), 74.38 (CHN), 112 31 
(ArCH), 122.15 (ArC), 122.30 (ArCH), 125.11 (ArCH),l26 46 (ArC), 128.13 (ArCH), 
130.90 (ArCH), 131 28 (ArCH), 131.60 (ArCH), 137.79 (ArCH), 140 65 (ArC), 160 80 
(ArC), 163.28 (C=N) m/z (E.I.) 327 (M+, 2), 208 (16), 164 (100). 
( 4S)-4-Jsopropyl-2-[2-( 4-methoxythiophenyl)phenyl]-1,3-oxazolme 152 
A colourless ml (175 mg, 0 54 mmol, 54%). (Found M+, 327.1293. C19H21N02S 
reqmres M+, 327.1293) [a.]o25_49 2° (c = 1.22, CHCI3). 'Umax I cm-1 (thm film) 1650 
(C=N) OH (400 MHz, CDC)J) 0.98 (3H, d, J =68Hz, CH3), 1.09 (3H, d, J =68Hz, 
CH3), 1 85- 1.94 (IH, m, CH), 3.84 (3H, s, OCH3), 4.12 (IH, t, J =78Hz, CHH'O), 
4 21 -4.25 (IH, m, CHH'O), 4.39 (IH, dd, J = 8 0, 94Hz, CHN), 6.72 (IH, d, J = 1.1 
Hz, ArCH), 6.93-6.96 (2H, m, 2 x ArCH), 7 06 (IH, t, 7.5 Hz, ArCH), 7.14 (IH, dd, J 
= 8.0, 94Hz, ArCH), 7 47-7.51 (2H, m, 2 x ArCH), 7.76 (IH, dd, J = 1 6, 7.7 Hz, 
ArCH). Oc (100 MHz, CDCI3) 18 27 (CH3), 18.91 (CH3), 32.98 (CH), 55.23 (OCH3), 
128 
69.56 (CH20), 73.42 (CHN), 115.12 (ArCH), 123 26 (ArC), 123.72 (ArCH), 124.29 
(ArC), 126. 34 (ArCH), 129.75 (ArCH), 130 43 (ArCH), 137 35 (ArCH), 142.28 
(ArC), 160.30 (ArC), 162.00 (C=N). mlz (E.I.) 327 (M+, 60), 284 (21), 227 (38), 176 
(100). 
(4S)-4-Isopropyl-2-[2-(2-cyanothwphenyl)phenyl]-1,3-oxazolme 153 
A colourless sohd (51 mg, 0.16 mmol, 53%). M p. 92 °C. (Found: C, 70.58; H, 5.51; 
N, 8.28 C19HJsN20S requires C, 70 78; H, 5.63; N, 8 69). [a]o25 -62.5° (c = 0.4, 
CHCl3). Umax I cm· I (CHCl3) 2300 (CN mtnle), 1650 (C=N) OH (400 MHz, CDCl3) 
0.68 (3H, d, J = 6.7 Hz, CH3), 0.77 (3H, d, J = 6.7 Hz, CH3), 1.52- 1.63 (IH, m, CH), 
3 82- 3.93 (2H, m, CH20), 4 I I (IH, t, J =74Hz, CHN), 6.64- 6.69 (IH, m, ArCH), 
6 96-7 03 (3H, m, 3 x ArCH), 7.12-7.16 (IH, m, ArCH), 7.22-7.29 (IH, m, ArCH), 
7.44-7.46 (lH, d, J =78Hz, ArCH), 7.53-7.58 (lH, m, ArCH). Oc (100 MHz, 
CDCI3) 18.27 (CH3), 18.76 (CH3), 32 86 (CH), 69 98 (CH20), 73.29 (CHN), I 16.76 
(ArC), I !6.79 (ArC), 126.23 (ArCH), 127.77 (ArC), 128.09 (ArCH), 129.69 (ArCH), 
130 34 (ArCH), 130 89 (ArCH), 133 07 (ArCH), 133 98 (ArCH), 134.55 (ArCH), 
136.55 (ArC), 139.57 (CN), 161.95 (C=N). mlz (E.I.) 322 (M+, 24), 279 (lOO), 238 
(20), I 17 (48) 
(4S)-4-Isopropyl-2-[2-(4-N,N-dtmethylaminothiophenyl)phenyl]-1,3-oxazoline 154 
Recrystallisatwn from petroleum ether I d1ethyl ether y1elded the mle compound as a 
colourless sohd (76 mg, 0 23 mmol, 80 %). M. p. 131 °C. (Found M+, 340 1602. 
C2oH2<JN20S reqmres M+, 340.1602) [a]o2L4!.7° (c = 04, CHCI3). Umaxl cm-1 
(CHCI3) I 648 (C=N). OH (250 MHz, CDCl3) I 00 (3H, d, J = 6.7 Hz, CH3), 1.12 (3H, 
d, J = 6.7 Hz, CH3), 1.86- 1.99 (IH, m, CH), 3.01 (6H, s, N(CH3)2), 4.13 (IH, t, J = 
7.3 Hz, CHH'O), 4.20-4 29 (IH, m, CHH'O), 4 37-4 44 (IH, dd, J = 7.5, 92Hz, 
CHN), 6.72-6.78 (3H, m, 3 x ArCH), 7 02-7.08 (IH, m, ArCH), 7.11 -7.17 (IH, m, 
ArCH), 7.43 (2H, d, J = 8.8 Hz, 2 x ArCH), 7.77 (IH, dd, J = 1.6, 76Hz, ArCH). lie 
(63 MHz, CDCl3) 18.34 (CH3), 19.03 (CH3), 33 05 (CH), 40.21 (N(CH3)2), 69.56 
129 
(CH20), 73.44 (CHN), I 13.04 (ArCH), 116.89 (ArC), 123.38 (ArCH), 123.91 (ArC), 
126.09 (ArCH), 129.77 (ArCH), 130.43 (ArCH), 137 29 (ArCH), 143.58 (ArC), 150 81 
(ArC), 162 18 (C=N). m/z (E.I.) 340 (M+, 17), 267 (16), 217 (20) 186 (19), 51 (100). 
(4S)-4-Isopropyl-2-[2-(4-mtrothiophenyl)phenyl]-/,3-oxazoline 156 
A yellow ml (135 mg, 0 4 mmol, 66 %). (Found M+, 342.1070. C1sHJsN203S 
requires M+, 342.1038). [a]n25 -57 14° (c = 0.7, CHC)J). Umax I cm-! (thin film) 1651 
(C=N), 1517, 1340 (N02). OH (400 MHz, CDCl3) 0.90 (3H, d, J =68Hz, CH3), 0.98 
(3H, d, J = 6.8 Hz, CH3), 1.72- 1.82 (IH, m, CH),4.06 (IH, t, J = 7.6 Hz, CHH'O), 
4 10-4 14 (IH, m, CHH'O), 4 34 (IH, dd, J = 7.2, 8.6 Hz, CHN), 7.24-7.26 (IH, m, 
ArCH), 7.33 -7.36 (IH, m, ArCH), 7.40 (2H, d, J = 8.9 Hz, 2 x ArCH), 7.81 -7.83 
(2H, m, 2 x ArCH), 8.12 (2H, d, J = 8.9 Hz, 2 x ArCH) Oc (lOO MHz, CDCl3) 18.20 
(CH3), 18.71 (CH3), 32 78 (CH), 70.14 (CH20), 73 21 (CHN), 124 05 (ArCH), 127.54 
(ArCH), 129.71 (ArC), 130 60 (ArCH), 131.15 (ArCH), 132.27 (ArCH), 134.29 (ArC), 
145.98 (ArC), 146 28 (ArC), 162.12 (C=N) m/z (E I.) 342 (M+, 55), 299 (lOO), 242 
(12), 184 (9) 
( 4S)-4-Isopropyl-2-phenyl-1,3-oxazolme 162 
(Jc", Q-<\J .. ,,,'Pr 
161 162 
In a 50 m! Schlenk flask, zmc (II) chloride (30 mg, 0.2 mmol) IS melted under high 
vacuum and cooled under mtrogen. After coolmg to room temperature, benzomtnle 
161 (593 mg, 5.75 mmol) and valmol98 (1.19 g, 11.5 mmol, 2 eq) in chlorobenzene 
were added to the reaction flask. The mixture was heated under reflux for 3 days. The 
solvent was removed in vacuo to yield a brown oil Purification by flash column 
chromatography (d1chloromethane) afforded the title compound as a colourless ml (619 
130 
mg, 3.28 mmol, 57%). [a]o25 -78.95° (c = 1.9, CHCI3). Umax I cm-l (thm ftlm) 1651 
(C=N). OH (400 MHz, CDCI3) 0.93 (3H, d, J = 6.7 Hz, CH3), 1.02 (3H, d, J = 6.8 Hz, 
CH3), 1.82- I 88 (IH, m, CH), 4.06-4.14 (2H, m, CH20), 4.35-4.42 (IH, m, CHN), 
7.36- 7.45 (3H, m, 3 x ArCH), 7.94 -7.96 (2H, m, 2 x ArCH). 0c (100 MHz, CDCIJ) 
18.08 (CH3), 18.93 (CH3), 32 84 (CH), 70 09 (CH20), 72.63 (CHN), 128.49 (ArCH), 
131.15 (ArCH), 163.39 (C=N) 
( 4S)-4-Isopropyl-2-(2-thwphenyl)-1,3-oxazoline 159 
Procedure I 
Q-<~J .. ,,,,Pr ----
162 
Q-<),,,~ 
SH 
159 
To a stirring mtxture of phenyloxazoline 162 (500 mg, 2.65 mmol) and TMEDA (924 
mg, 7.95 mmol) m dtethyl ether (10 ml) at 50 oc was slowly added n-butylhthtum (1.85 
m!, 2.92 mmol). A deep red colour resulted, indicatmg formatiOn of the amon. The 
reaction mtxture was slowly warmed to -20 °C, and after approxtmately 2 hours, 
elemental sulfur (678 mg, 2.65 mmol) was added and the reaction mixture was stirred 
overnight (-12 hours), allowmg to warm to room temperature. The reaction mixture 
was diluted with diethyl ether (20 m!) and washed successtvely wtth water (20 ml), and 
a saturated solution of ammonium chloride (20 m!). The orgamc extract was dried 
(MgS04) and concentrated in vacuo to yield a brown oil. Purification by column 
chromatography afforded a yellow m! which solidtfied on standmg ( 450 mg, 2.03 
mmol, 76%). 
131 
Procedure2 
Q---<).,1;---Q---<)~" 
SCH3 SH 
163 159 
To the oxazohne 163 was added mCPBA (220 mg, I 28 mmol) m chloroform (5 m!) 
and the reaction Illixture was stirred for -75 minutes at 0 °C. After this time, the 
reaction mixture was warmed to room temperature and calcmm hydroxide (142 mg, 
1.92 rnmol) was added. Stirrmg was contmued for a further !5 minutes The reaction 
mixture was filtered and the solvent removed in vacuo. The residue was dissolved m 
TFAA (10 ml) and heated under reflux for 30 mmutes. The TFAA was removed in 
vacuo and the residue dissolved in methanol : triethylamme (I: I, 40 m!). The mixture 
was shaken vigorously before removing the solvent under reduced pressure, to yield a 
yellow m!. The ml was dissolved in chloroform (20 ml) and washed with a saturated 
solution of ammonium chloride (20 ml). The organic extract was dned (Na2S04) and 
concentrated m vacuo Punficat10n by flash column chromatography (dichloromethane) 
afforded the m le compound as a yellow oil (240 mg, 1.09 rnmol, 85 % ). (Found M+, 
221.0878. C12H1sNOS requires M+, 221.0874). [a]n25 -135° (c =I 0, CHCI3). Umaxl 
cm-1 (thm film) 1648 cm· I (C=N). SH (400 MHz, CDCI3) 0 99 (3H, d, J = 6.7 Hz, 
CH3), I 08 (3H, d, J = 6.7 Hz, CH3), I 84- 1.92 (IH, m, CH), 4 13 (IH, t, J = 7.8 Hz, 
CHH'O), 4.21-4 27 (IH, m, CHH'O), 4 42 (IH, dd, 8 0, 9.4 Hz, CHN), 7.18 (IH, dt, J 
= 7.5, 1.1 Hz, ArCH), 7 30 (IH, dt, J = 7.4, 1.5 Hz, ArCH), 7.73 (IH, dd, J = I 0, 8.1 
Hz, ArCH), 7.81 (IH, dd, J =I 5, 77Hz, ArCH). Oc (lOO MHz, CDCI3) 18.50 (CH3), 
18.83 (CH3), 33.12 (CH), 69.91 (CH20), 73.56 (CHN), 125.11 (ArCH), 125 20 (ArC), 
125 87 (ArCH), 129.71 (ArCH), 131 01 (ArCH), 138 60 (ArC), 161 81 (C=N). mlz 
(E.I) 221 (M+, 100), 178 (62), 136 (72). 
132 
1,3-Diphenyl-3-hydroxy-1-propene 165 
0 OH 
Ph~ Ph----Ph~ Ph 
164 165 
To a stirred solutiOn chalcone 164 (5. 12 g, 24 6 mmol) and cerium chloride 
heptahydrate (9.2 g, 24 6 mmol) in methanol (40 ml), at 0 °C, was carefully added 
sodmm borohydride ( 1.1 8 g, 31 0 mmol). The reaction mixture was then allowed to stir 
at room temperature for 3 hours. Water (10 m!) was slowly added and the reactiOn 
mixture extracted w1th d1ethyl ether (3 x 30 ml). The combined organic extracts were 
dned (MgS04), filtered and concentrated m vacuo to y1eld the tule compound as a 
yellow m! (5 03 g, 24.0 mmol, 97 %). llmax I cm-1 (thm film) 3441 (OH). OH (250 
MHz, CDCI3) 5 39 (IH, d, 1 =64Hz, CHOH), 6 39 (IH, dd, J = 6 4, 15.8 Hz, =CH), 
6.70 (IH, d, J =164Hz, =CH), 7.23 -7.45 (!OH, m, 10 x ArCH) lie (100 MHz, 
CDCI3) 79 29 (CHO), 126 64 (CH), 127.11 (CH), 127.87 (CH), 128.59 (CH), 128 65 
(CH), 130.53 (CH), 131.40 (CH), 131.59 (CH), 136 69 (ArC), 141 30 (ArC) 
(E)-1,3-Diphenyl-3-acetoxy-1-propene 28 
OH OAc 
Ph~Ph ____ Ph~Ph 
165 28 
A solutiOn of the alcohol 165 (5 03 g, 24.0 mrnol) in acetic anhydride (7.4g, 7.2 mmol, 
3 eq), pyridine (10 m!) and DMAP (1-2 crystals) was stirred at room temperature 
ovem1ght (-12 hours) after which time TLC (petroleum ether· diethyl ether, 1:1) 
indicated the starting matenal had been consumed. The reaction m1xture was d1luted 
133 
With diethyl ether (30 m!) and washed With copper (11) sulfate solutiOn (4 x 30 m!), a 
saturated solution of sodmm hydrogen carbonate (20 m!), and water (20 m!). The 
organic extract was dned (MgS04), filtered and concentrated in vacuo to yield the title 
compound as a colourless oil (5.05 g, 20 0 mmol, 83 %). (Found M+, 252 1145. 
CnH1602 reqmres M+, 252 1150). Umax I cm-1 (thin film) 1738, (C=O). llH (400 
MHz, CDCI3) 2 08 (3H, s, COCH3), 6 31-6.46 (2H, m, 2 x CH), 6.63 (lH, d, J = 15 6 
Hz, CH), 7 18-7.38 (I OH, m, 10 x ArCH). llc (100 MHz, CDCI3) 21.31 (CH3), 76.16 
(CHO), 126.73 (CH), 127.08 (CH), 127.56 (CH), 128.09 (CH), 128.20 (CH), 128 48 
(CH), 128 61 (CH), 132.62 (CH), 136 20 (ArC), 139.31 (ArC), 169.97 (C=O). rn/z 
(E.I.) 252 (M+, 4), 210 (22), 192 (65), 105 (100). 
General procedure for the alkylation of 1,3-diphenyl-3-acetoxy-1-propene 28 
OAc 
Ph~ Ph 
28 125 
The palladium catalyst was prepared m s1tu by stmmg allylpalladium chlonde dimer 
( 4 mg, 0.01 mmol, 5 mol %) with the hgand (0 04 mmol, 10 mol %) in dichloromethane 
(2 m!) for 10 mmutes. 1,3-Diphenyl-3-acetoxy-1-propene 28 (51 mg, 0 4 mmol) in 
dichloromethane (2 m!) was then added and stimng contmued for a further 20 minutes 
before additiOn of dimethyl malonate (160 mg, 1.21 mmol) and BSA (245 mg, 1.21 
mmol) m d1chloromethane (1 m!) and a catalytic amount of sodmm acetate (1-2 mg). 
Stming was contmued until all the startmg matenal had been consumed as shown by 
TLC (petroleum ether: d1ethyl ether, 3:1). The reaction mixture was extracted mto 
d1ethyl ether (1 0 ml) and washed with a saturated solution of ammonium chlonde (1 0 
ml) The separated orgamc layer was dned (MgS04) and concentrated to a yellow ml 
Punfication by flash column chromatography (petroleum ether - petroleum ether : 
diethyl ether, 3: 1) yielded the product 125 as a colourless ml 
134 
'\lmax/ cm-! (thin film) 1738 (C=O). liH (400 MHz, CDCI3) 3.45 (3H, s, C02CH3), 
3 63 (3H, s, C02CH3), 3.88 (IH, d, J = 10.7 Hz, CH(C02CH3)2), 4-19 (IH, dd, J = 8 5, 
10.8 Hz, CH), 6.26 (IH, dd, J = 8.5, 15.7 Hz, =CH), 6.40 (IH, d, J = 15.8 Hz, =CH) 
7.13-7.32 (10 x ArCH). lie (lOO MHz, CDCi3) 48.77 (CH), 52.00 (CH3), 52.18 
(CH3), 57 27 (CH), 125.99- 132.20 (8 x ArCH and 2 x =CH), 136.46 (ArC), 139.80 
(ArC), 167 38 (C=O), 167.79 (C=O) 
6.4 Experimental for Chapter 4 
2-Methyl-2-cyclopenten-1-ol172147 
171 172 
Reaction conditions as described for preparation of 165 (see expenmental for 
chapter 3). 
Punficatwn by flash column chromatography (petroleum ether - petroleum ether : 
dtethyl ether, 3·1) yielded the tztle compound as a colourless ml (2.73 g, 28.2 mmol, 91 
%). 'llmax I cm-1 (thm film) 3336 (OH) liH (250 MHz, CDCi3) 1.79 (3H, s, CH3), 2.16 
-2 43 (4H, m, 2 x CH2), 4.54-4.59 (IH, m, CH OH), 5 51 (IH, br s, =CH). lie (63 
MHz, CDCI3) 13.41 (CH3), 29.58 (CH2), 33.82 (CH2), 79.70 (CH OH), 127.89 (=CH), 
141.69 (CCH3) 
135 
2-Methyl-2-cyclopenten-1-yl acetate 173147 
172 173 
ReactiOn condthons as descnbed for preparation of 28 (see expenmental for chapter 
3) 
Punfication by flash column chromatography (petroleum ether - petroleum ether : 
dtethyl ether, 3:1) ytelded the tztle compound as a colourless ml (2 4 g, 17.3 mmol, 99 
%). Umax I cm-1 (thin film) 1738 (C=O) OH (250 MHz, CDCl3) 1.72 (3H, s, CH3), 
2.06 (3H, s, OCH3), 2.27- 2 42 (4H, m, 2 x CHz), 5.58 (IH, br s, CHOAc), 5.65 (IH, 
br s, =CH). m/z 140 (M+, 5), 98 (31), 81 (73). 
2-Cyclohexen-1-yl acetate 175139 
174 175 
Reaction conditions as descnbed for preparation of 28 (see expenmental for chapter 
3). 
Punficatwn by flash column chromatography (petroleum ether - petroleum ether : 
dtethyl ether, 3:1) ytelded the title compound as a colourless oil (3.8 g, 27.1 mmol, 89 
%). (FoundM+, 1400807. CsH120zreqmresM+, 14008372) 0H(250MHz, 
CDCl3) 1.66- 1 87 (6H, m, 3 x CHz), 2.04 (3H, s, OCH3), 5.22 - 5.28 (IH, m, CHO), 
5 67- 5.74 (IH, m, =CH), 5.91 - 5.99 (IH, m, =CH). lie (63 MHz, CDCl3) 18.64 
(CHz), 20.98 (CHO), 24 62 (CHz), 28.05 (CHz), 67.73 (CH3), 125 58 (=CH), 132.17 
(=CH), 170.21 (C=O). m/z (E I) 140 (M+, 4), 112 (10), 98 (21), 79 (42), 43 (100). 
136 
2-I ado-2 -cyclohexen-1-one 177139 
176 177 
Iodine (10.16 g, 80.0 mmol) was dissolved m pyndme carbon tetrachloride (20 ml, 
1:1) and added to a solution of the ketone 176 (1.92 g, 20.0 mmol) in pyndme: carbon 
tetrachloride (20 m!, 1: I) at 0 oc and under a nitrogen atmosphere. The mixture was 
stmed for a further 20 hours during which time the temperature was allowed to warm to 
room temperature. The reaction mtxture was dtluted wtth dtethyl ether (50 m!) and 
washed successtvely with water (30 m!), 1M hydrochloric acid (30 ml), water (30 m!), 
20 % aqueous sodium th10sulfate solution (30 m!). The organic extract was dned 
(MgS04), filtered and concentrated in vacuo. RecrystalltsattOn from petroleum ether I 
diethyl ether ytelded the tztle compound as a colourless soltd (2.97 g, 13 4 mmol, 67 %) 
Sa (250 MHz, CDCI3) 2 07 - 2.15 (2H, m, CH2), 2.42 - 2.49 (2H, m, CH2), 2 64 - 2. 70 
(2H, m, CH2), 7.78 (IH, t, J = 4.4 Hz, =CH). lie (100 MHz, CDCI3) 22.83 (CH2), 
29.93 (CH2), 37.24 (CH2), 103 84 (Cl), 159.52 (=CH), 192.25 (C=O). 
2-Iodo-2-cyclohexen-l-ol178139 
177 178 
Reaction conditions as descnbed for preparation of 165 (see expenmental for 
chapter 3). 
No punfication was reqmred and the title compound was ob tamed as a pale yellow otl 
(2.25 g, I 0.02 mmol, 89 % ). Umax I cm-1 (thm film) 3366 (OH). Sa (400 MHz, CDCI3) 
137 
1.63-2.18 (6H, m, 3 x CH2), 2.23 (IH, br s, OH), 4.19 (IH, br s, CHOH), 6 50 (IH, t, 
J =4.0 Hz, =CH). lie (100 MHz, CDC)J) 17.84 (CH2), 29.37 (CH2), 31.93 (CH2), 
72.05 (CHOH), 103 61 (CD, 141.02 (=CH). 
2-lodo-2-cyclohexen-1-yl acetate 179139 
178 179 
Reaction conditions as described for preparatiOn of 28 (see expenmental for chapter 
3). 
Punfication by flash column chromatography (petroleum ether - petroleum ether : 
diethyl ether, 3·1) y1elded the tttle compound as yellow 01! (837 mg, 3 70 mmol, 83 %). 
()H (400 MHz, CDCI3) 1.68-2 17 (6H, m, 3 x CH2), 2.12 (3H, s, CH3), 5.39 (IH, t, J = 
4.3 Hz, CHO), 6 64 (IH, t, J = 4 I Hz, =CH) lie (lOO MHz, CDCI3) 17.55 (CH2), 
21.18 (CH3), 29.11 (CH2), 29.95 (CH2), 73.51 (CHO), 95.44 (CD, 143 47 (=CH), 
170.02 (C=O). 
2-Phenyl-2-cyclohexen-l-ol180I41 
--&~ 
178 180 
The wdo alcoho1178 (1.0 g, 4.46 mmol) m THF (4 ml) was stmed at room 
temperature w1th tetrakis(tnphenylphosphine) palladmm (0) for 5 mmutes, before 
adding phenyl magnesium brom1de (4.5 mmol, 3 eq) m THF (6 ml). The reaction 
mixture was heated under reflux for 3 hours, after wh1ch lime TLC analysis md1cated 
completion of reaction. Water (10 ml) walillhrefully added to the reactiOn mixture and 
the aqueous extracted w1th d1ethyl ether (3 x 20 ml). The combined organic extracts 
extracted With diethyl ether (3 x 20 ml). The combined orgamc extracts were dned 
(MgS04), filtered and evaporated in vacuo. Punfication by flash column 
chromatography (petroleum ether- petroleum ether: diethyl ether, 4:1) yielded the title 
compound as a orange/brown oil (398 mg, 2 29 mmol, 58 % ). OH ( 400 MHz, CDCl3) 
1.64- 2.29 (6H, m, 3 x CH2), 4.70 (IH, t, J = 3.3 Hz, CHOH), 6 15 (IH, t, J = 3.6 Hz, 
=CH), 7.24-7.45 (5H, m, 5 x ArCH). Oc (100 MHz, CDCb) 17.32 (CH2), 26.05 
(CH2). 31 55 (CH2). 65 43 (CHOH), 125.99 (=CH), 127.08 (ArCH), 128 62 (ArCH), 
128.69 (ArCH), 140 18 (C=CH), 148 02 (ArC) 
2-Phenyl-2-cyclohexen-1-yl acetate 181147 
&P-h--
180 181 
ReactiOn conditiOns as descnbed for preparation of 28 (see experimental for chapter 
3). 
Purification by column chromatography (petroleum ether- petroleum ether : diethyl 
ether, 3:1) yielded the title compound as an orange/brown oil (367 mg, 1.70 mmol, 78 
%). OH (400 MHz, CDCl3) 1.69-2 29 (6H, m, 2 x CH2), 1.93 (3H, s, COCH3), 5.94 
(IH, t, J =39Hz, CHOH), 6.32 (IH, t, J =33Hz, =CH), 7 21 -7 34 (5H, m, 5 x 
ArCH). Oc (100 MHz, CDCl3) 17.69 (CH2). 21.10 (COCH3), 25.88 (CH2), 28.99 
(CH2), 67.41 (CHO), 125 21 (=CH), 127.28 (ArCH), 128.12 (ArCH), 131.04 (ArCH), 
135 47 (C=CH), 139.57 (ArC), 170.76 (C=O). 
139 
1, 1-Drphenyl-3-cyano-3-hydroxyprop-1-ene 183141 
Ph~O ____ PhyyCN 
Ph Ph OH 
182 183 
~-Phenylcmnamaldehyde 182 (500 mg, 2 4 mmol) was heated With tnmethylsilyl 
cyanide (238 mg, 2.4 mmol) m the absence of solvent, for 6 hours. TLC analys1s 
(petroleum ether: diethyl ether, 3 1) mdicated completiOn of reactwn The residue was 
purified by flash column chromatography (petroleum ether: diethyl ether, 3: 1) to yield 
the title compound as a yellow 01! (533 mg, 2 3 mmol, 96 %). (Found M+, 235.1003. 
Ct6H13NO reqmres M+, 235.0997). Umax/ cm-1 (thin film) 3421 (OH). OH (250 MHz, 
CDCI3) 3 03 (lH, br s, OH), 4.93 (lH, d, J = 9.3 Hz, CHCN), 6.15 (1H, d, J = 9.3 Hz, 
=CH), 7.19-7.44(10H,m,10xArCH) Oc(400MHz,CDC)J)59.29(CHO), 11892 
(CN), 121.37 (=CH), 127.91 (ArCH), 128 38 (ArCH), 128 47 (ArCH), 128 66 (ArCH), 
128 71 (ArCH), 128.77 (ArCH), 128.91 (ArCH), 129.51 (ArCH), 130.53 (ArCH), 
130.75 (ArCH), 137 46 (ArC), 140 03 (ArC), 149.16 (=C). m/z (E.I) 235 (M+, 15), 
207 (100), 178 (57), 102 (49). 
(E)-1,1-Diphenyl-3-acetoxy-3-cyano-1-propene 184141 
PhyyCN --~ ... PhyyCN 
Ph OH Ph OAc 
183 184 
Reaction conditions as described for preparation of 28 (see expenmental for chapter 3). 
Purification by flash column chromatography (petroleum ether: diethyl ether, 9.1 - 3: 1) 
y1elded the title compound as a yellow solid (500 mg, 1.81 mmol, 85 % ). M p. 83 °C. 
(Found M+, 277.1099. C1sH1sNOzrequires M+, 277.1102). OH (400 MHz, CDC)J) 
2.12 (3H, s, CH3), 5.71 (lH, d, J =94Hz, CHO), 6 15 (lH, d, J = 9.4 Hz, =CH), 7.18-
140 
--------------------------------------------
7.44 (10H, m, 10 x ArCH). 8c (100 MHz, CDCl3) 20.44 (CH3), 59.49 (CHO), 116.26 
(CN), 117.42 (=CH), 127 88 (ArCH), 128.48 (ArCH), 128 86 (ArCH), 129 09 (ArCH), 
129.27 (ArCH), 137.13 (ArC), 139 72 (ArC), 150.66 (C=), 168.61 (C=O). m/z (E.I.) 
277 (M+, 4), 235 (100), 217 (98). 
3-Ethoxy-5,5-dimethyl-2-cyclohexen-1-one 186142 
A mixture of d1medone 185 (5 g, 35.7 mmol), absolute ethanol (10 ml) and p-
toluenesulfomc acid (130 mg, 0.7 mmol, 2 mol%) m toluene (40 ml) were heated under 
Dean-Stark conditions until TLC md1cated that all the starting matenal had completely 
reacted. Toluene was removed in vacuo to y1eld a brown res1due. Distillation under 
reduced pressure afforded the title compound as a colourless 011 (5 69 g, 33.8 mmol, 95 
%) Bp.110°C(2mmHg)(ht.14298°C(lmmHg)). (FoundM+, 168.1149. 
C10H1602reqmres M+, 168.1150). 1lmax/ cm· I (thm film) 1658, 1609 (C=O), 1220 (C-
O) 8H (400 MHz, CDCl3) 1.08 (6H, s, 2 x CH3), 1.37 (3H, t, J =70Hz, CH3CH2), 
2.20 (2H, s, CH2), 2.28 (2H, s, CH2), 3.91 (2H, q, J = 7.0 Hz, CH3CH2), 5.34 (IH, s, 
=CH). 8c ( 100 MHz, CDCI3) 14.12 (CH3), 28 28 (2 x CH3), 32.46 (C), 42 98 (CH2), 
50.75 (CH2), 64 24 (CH2), 101 75 (=CH), 176.58 (=C), 199.59 (C=O) m/z (E 1.) 168 
(M+, 40), 153 (9), 140 (5), 112 (78), 84 (100) 
141 
5,5-Dzmethyl-2-cyclohexen-1-one 187143 
m'Qo ___ ._ 0~ 
186 187 
To a solutwn of ethoxyketone 186 (5 3 g, 31.5 mmol) m sodmm dried diethyl ether 
(20 ml) was carefully added lithium aluminium hydnde (390 mg, 10.25 mmol), at 0 oc 
When the addttlon was complete the reaction vessel was warmed to room temperature 
and allowed to stir for a further 30 minutes after whtch time the reaction mixture was 
hydrolysed by slowly pounng onto 10% H2S04 (30 ml). The reaction mixture was 
diluted wtth dtethyl ether (30 m!), then 15% sodmm hydroxide solution (5 m!) was 
added followed by water (20 ml). The aqueous layer was separated and the orgamc 
layer further washed wtth water (20 m!). The orgamc layer was dned (MgS04), ftltered 
and concentrated in vacuo. Distillation under reduced pressure ytelded the tztle 
compound as a colourless ot! (2.5 g, 20.2 mmol, 86 % ). B.p 50 oc (2 mm Hg) (Jtt.143 
75 °C (15 mm Hg)). t>max I cm· I (thm film) 2957 (C-C), 1678 (C=O). OH (400 MHz, 
CDCI3) 1.05 (6H, s, 2 x CH3), 2 26- 2.27 (4H, m, 2 x CH2), 6.00 (lH, dt, J = 10.0, 
2OHz, =CH), 6 88 (IH, dt, J = 10.0, 4.1 Hz, =CH). l5c (100 MHz, CDCI3) 28.23 (2 x 
CH3), 33 76 (C), 39.79 (CH2), 51.70 (CH2), 128.45 (=CH), 148 41 (=CH), 199.76 
(C--Q) 
5,5-Dimethyl-2-cyclohexen-1-o/188143 
0~ 
187 188 
To a solution of the ketone 187 (2.3 g, 18.5 mmol) and cerium chloride heptahydrate 
(5 g, 13.4 mmol) in methanol (10 m!), at 0 °C, was slowly added sodmm borohydride 
142 
------- - - - -
(1.05 g, 27.8 mmol, 1.5 eq). When the addition was complete the reactiOn vessel was 
warmed to room temperature and allowed to stir for a further 2 hours after which time 
TLC (petroleum ether diethyl ether, 3.1) mdicated the startmg matenal had been 
consumed. Water (10 ml) was poured onto the reactwn mixture and the aqueous was 
extracted with diethyl ether (3 x 20 ml) The combined organic extracts were dned 
(MgS04), filtered and concentrated m vacuo to yield the title compound as a colourless 
oil (1.59 g, 12 6 mmol, 68 %). (Found 126.1006. CsH140 requires 126 1044). Umax I 
cm· I (thm film) 3346 (OH). liH (400 MHz, CDCl3) 0.92 (3H, s, CH3), 0 99 (3H, s, 
CH3), I 26- 1 34 (IH, m, CH), 1 71 - I 92 (4H, m, 3 x CH, OH), 4 25 (IH, m, 
CHOH), 5.70 (2H, br s, CH=CH). lie (100 MHz, CDCl3) 27.16 (CH3), 31.34 (CH3), 
39.01 (CHz), 66.76 (CH), 127.89 (=CH), 129.31 (=CH). mlz (E.l.) 126 (M+, 11), 109 
(23), 70 (100). 
5,5-Dzmethy/-2-cyc/ohexeny/ acetate 189 
188 189 
A solutiOn ofthe alcohol 188 (1.28 g, 10 2 mmol) in acetic anhydnde (2 ml), pyridine 
(2 ml) and DMAP (1-2 crystals) was stmed at room temperature for 2 hours after which 
time TLC analysis mdicated the startmg matenal had been consumed (petroleum ether : 
d1ethyl ether, 3: 1). The reaction mixture was diluted with diethyl ether (20 ml) and 
washed With copper (II) sulfate solution (3 x 20 ml), a saturated solutiOn of sodium 
hydrogen carbonate (20 ml), and water (20 ml). The orgamc extract was dned 
(MgS04), filtered and concentrated in vacuo to yield the title compound as a colourless 
oil(l56g,9.3mmol,91 %) Umaxlcm·l(thinfilm) 1733(C=O), 1241 (C-0). liH(400 
MHz, CDCl3) 0.94 (3H, s, CH3), 0 98 (3H, s, CH3), 1.41- 1.46 (IH, m, CH), 1.74-
1.80 (2H, m, CHz), 1.89- 1.99 (IH, m, CH), 2.02 (3H, s, COCH3), 5 31-5 33 (IH, m, 
143 
CHO), 5.60-5.63 (IH, m, =CH), 5.78-5.81 (IH, m, =CH) lie (100 MHz, CDCI3) 
20.42 (COCH3), 25 67 (CH3), 29 60 (CH3), 30.43 (C(CH3)2), 37.86 (CH2), 39.92 
(CH2), 68.27 (CHO), 123.88 (=CH), 128 78 (=CH), 169.74 (C=O). m/z (E I) 168 (M+, 
3), 125 (29), 109 (100). 
3-Hydroxy-4-iodo-cyclohexane carboxylic aczd lactone (±) 191144 
190 (±) 191 
IodolactonisatJOn of 3-cyclohexene carboxyhc ac1d 190 (6 0 g, 47.6 mmol) was 
achieved by stmmg overnight (12 hours) m water (150 m!) and 0 5N sodmm hydrogen 
carbonate (200 m!) With 10dme (12.0 g, 47.2 mmol). The reaction m1xture was diluted 
With dichloromethane (75 m!) and washed successively w1th sodmm thiosulfate solution 
(50 m!), a saturated solutiOn of sodmm hydrogen carbonate (50 m!) and water (50 ml). 
The organ1c extract was dned (NazS04), filtered and concentrated zn vacuo to a yellow 
solid. RecrystalhsatJOn (petroleum ether: ethanol, 3:1) y1elded the tztle compound as a 
colourless sohd (10.2 g, 40.5 mmol, 85 %) M p. 135 oc (ht 144 134 °C). OH (400 
MHz, CDCI3) 1.81- 1.95 (2H, m, CHz), 2.12 (IH, dd, J = 5.2, 16.5 Hz, CHH'), 2.36-
2.48 (2H, m, CHz). 2.66 (IH, br s, CH), 2.79 (IH, d, J = 12.3 Hz, CHH'), 4 51 (lH, t, J 
= 4.5 Hz, CID), 4 82 (IH, t, J = 4.5 Hz, CHO). oc (100 MHz, CDCI3) 23.27 (CHz), 
23.79 (CH), 29 74 (CH2), 34 51 (CH2), 38 61 (CH), 80.21 (CH), 177 68 (C=O). 
144 
3-Hydroxy-4-cyclohexene carboxylic acid lactone(±) 192145 
0---'5?~0 
Jj 
I 
(±) 191 
~0 Q -§0; 
:::::::,.. 
(±) 192 
A solutiOn of the iodolactone 191 (10 0 g, 39.7 mmol) and DBU (9.1 g, 59.5 mmol, 1.5 
eq) m sodmm dned toluene (40 m!) was heated under reflux for 4 hours under an 
atmosphere of nitrogen. When TLC (petroleum ether : diethyl ether, I: I) md1cated the 
starting material had been consumed, the solvent was removed in vacuo and the brown 
01! obtained was distilled in vacuo to y1eld the title compound as a colourless 01! (4.51 
g, 36 3 mmol, 92 %) B.p. 110 oc (2 mm Hg), ht145 150 oc (20mm Hg). oa (400 
MHz, CDCI3) 2.09 (IH, d, J = 11.2 Hz, CH), 2.47- 2.51 (3H, m, 3 x CH), 2.90- 2.93 
(1H, m, CHCO), 4.76 (IH, t, J =53Hz, CHO), 5 83- 5.87 (1H, m, =CH), 6.21 - 6.26 
(IH, m, =CH). Oc (100 MHz, CDCI3) 29.19 (CH2), 34 33 (CH2), 38 08 (CHCO), 
73.30 (CHO), 129.41 (=CH), 130 31 (=CH), 179.31 (C=O). 
3-Hydroxy-4-cyclohexene carboxylic acid (±)193145 
(±) 192 (±) 193 
A suspens1on of the lactone 192 (1.0 g, 8 06 mmol) and a solution of sodmm hydrox1de 
( 400 mg) m water ( 4 0 m!) was st!ITed at room temperature for 3 hours The reaction 
mixture was then ac1d1fied to pH 5.0 usmg 1M hydrochlonc ac1d. The solvent was 
removed m vacuo and the resulting residue taken up in chloroform (5.0 m!). The 
145 
res1due was punf1ed by column chromatography elutmg w1th chloroform The 
combined chloroform fractiOns were concentrated to yield the title compound as a 
colourless gum (492 mg, 3.47 mmol, 43 %) (Found 142.0527. C7H1003 requires 
142.06299). 'Umax I cm·1 (CHCl3) 3435 (OH), 1703 (C=O), 1255 (C-O). OH (400 MHz, 
CDCl3) 1.63- 1.71 (IH, m, CH), 2.26-2.33 (3H, m, 3 x CH), 2.62- 2.69 (lH, m, CH), 
4.25-4.29 (IH, m, CH), 5.72 (2H, br s, CH=CH) Be (100 MHz, CDCl3) 27.55 (CH2), 
34.32 (CH2), 38.08 (CH), 65 99 (CH), 126.46 (=CH), 131.48 (=CH), 177.39 (C=O). 
mlz (E.I.) 142 (M+, 2), 97 (74), 79 (39) 
3-Hydroxy-4-cyclohexene methyl ester (±)194145 
"""O"'co"'' 
(±) 194 
Treatment of the carboxylic ac1d 193 (350 mg, 2.46 mmol) with a slight excess of 
d1azomethane yielded the title compound as a colourless 011 (312 mg, 2.0 mmo1, 81 %) 
'Umax I cm·1 (thm film) 3397 (OH), 1735 (C=O). OH (400 MHz, CDCl3) 1.69- 1.77 
(IH, m, CH), 2 26- 2.36 (3H, m, 3 x CH), 2 68- 2.75 (IH, m, CH), 3.70 (3H, s, 
C02CH3), 4 26- 4 31 (IH, m, CH), 5.75 (2H, br s, CH=CH). 8c (100 MHz, CDCb) 
27 43 (CH2), 34 25 (CH2), 37.82 (CH), 51.93 (COCH3), 66.03 (CH), 126.88 (CH), 
130.92 (CH), 175.67 (C=O). 
3-Hydroxy-4-cyclohexene methyl ester acetate (±)195149 
""~.0_.co,M_e _______ Ao0,,_0 .. co,M. 
(±) 194 (±) 195 
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A solution of the alcohol194 (300 mg, 1.92 mmol) m acetic anhydnde (5 ml), pyndme 
(2 ml) and DMAP (1-2 crystals) was stirred at room temperature for 2 hours after wh1ch 
time TLC analys1s md1cated the startmg matenal had been consumed (petroleum ether : 
diethyl ether, 1:1) The reactiOn m1xture was diluted With d1ethyl ether (20 ml) and 
washed w1th copper (II) sulfate solutiOn (3 x 20 ml), a saturated solutiOn of sodmm 
hydrogen carbonate (20 ml), and water (20 m!) The organic extract was dned 
(MgS04), filtered and concentrated in vacuo to y1eld the title compound as a colourless 
011 (298 mg, 1.51 mmol, 78 %) (Found M+, 198.1874. CwH1404 requires M+, 
198.0892). Umax I cm-! (thm film) 1735 (C=O), 1240 (C-O) liH (400 MHz, CDCl3) 
1.70- 1.80 (IH, m, CH), 2 05 (3H, s, COCH3), 2.28- 2.40 (3H, m, 3 x CH), 2.69-2 77 
(IH, m, CHCO), 3 69 (3H, s, OCH3), 5.37- 5 42 (IH, m, CHO), 5.64 (IH, d, J = 10 3 
Hz, =CH), 5 85-5 90 (IH, m, =CH). lic(IOO MHz, CDCIJ) 21.22 (CH3CO), 27.22 
(CH2), 30 55 (CHz), 37.79 (CH), 51.84 (C02CH3), 69 18 (CH), 126.75 (=CH), 129 25 
(=CH), 170.64 (CH3C=O), 174.59 (COzCH3). m/z (E.I.) 198 (M+, 2), !56 (46), 125 
(17), 97 (88), 79 (100). 
Enantiomeric excess determmatzon 
172, 173, 174, 175,178, 179, 180 and 181: HPLC analyses were carried out on a 
Waters hqmd chromatograph, using a Diacel Ch1ralcel OD column; solvent, I% 
Isopropanol : hexane, flow rate, I 0 m!. mm-1; 254 nm detection. 
188 : GC analyses were earned out on a Pye Umcam Series 204 Chromatograph, usmg 
a L1podex chiral capillary column (50 m); mjector temperature, 200 °C; detector 
temperature, 200 oc; oven temperature, 65 oc; helium carr1er gas (10 lb I m2), detector, 
FID 
194 : GC analyses were carried out on a Pye Umcam Senes 204 Chromatograph, usmg 
a L1podex ch1ral capillary column (50 m); mJector temperature, 200 °C; detector 
147 
temperature, 200 oc; oven temperature, 100 °C; hehum earner gas (10 lb I in2); 
detector, F.I.D. 
189 and 195 determmed usmg ch1ral shift IH NMR, with Eu(hfc)3 
% Conversion detennmation uszng GC analysis for results presented in Chapters 4 and 
5. 
GC analyses were earned out on a Pye Unicam Series 204 Chromatograph, usmg a BP-
I, non-polar column (50 m), injector temperature, 250 oc; detector temperature, 250 °C; 
oven temperature, 150 °C; hehum carrier gas (10 lb I m2); detector, F.I.D. 
In all cases, the alcohol elutes first. 
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